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I.\  Introduction 


The  objectives  of  this  program  are  to  Investigate  the  electrical 
properties  and  gro«fth  characteristics  of  rare-earth  slllcldes  that  potentially 
form  low  energy  barriers  on  n-type  SI.  A  more  general  objective  Is  to  set  up 
Rutherford  backscattering  spectrometry  at  UCSD.  For  the  Investigation  of 
rare-earth  slllcldes,  we  concentrate  working  on  ErSl2  (all  rare-earth 
slllcldes  are  similar  In  characteristics  and  properties,  Er  Is  slightly  less 
reactive  with  oxygen).  More  recently  GdSl2  has  also  been  Investigated.  We 

I  ' 

report  here  the  results  of  our  Investigation.  Generally  speaking,  we  believe 

j 

that  the  major  problems  of  rare-earth  slllcldes  have  been  solved.  Rutherford 
backscattering  spectrometry  Is  now  on-line  at  UCSD. 
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II.  Sumiidry  of  Results 

1.  The  major  problem  of  rare-earth  suicides  as  Schottky  diodes  Is  the  non- 
planar  (pitted)  Interace  between  the  slllclde  layer  and  the  SI  substrate,  thus 
causing  non-ideal  diode  performance.  Me  found  three  ways  to  reduce  or 
eliminate  the  surface  pitting.  The  simplest  way  Is  to  use  a  sample 
configuration  of  S1(a)/Er/Si  <xtal>.  Laterally  uniform  (pit-free)  ErSl2 
layers  are  formed  at  relatively  low  temperatures  (*  380*^C).  The  other  two 
ways  to  reduce  surface  pitting  are  (a)  Ion  beam  mixing  technique,  and 

(b)  ultra-high  vacuum  preparation  of  the  SI  surface  before  deposition.  These 
two  techniques  are  considerably  more  cumbersome  compared  to  the  first 
technique  (see  paper  #1  In  Appendix). 

2.  The  maximum  barrier  height  of  ErSl2  on  p-type  SI  Is  found  to  be  0.78  t 
0.02  eV,  n  «  1.05  at  room  temperature.  The  barrier  height  of  ErSl2  on  n-type 
SI  Is  found  to  be  0.34  ±  0.02  eV,  at  room  temperature.  We  believe  these 
values  are  more  realistic  than  those  reported  previously,  since  this  Is  the 
first  time  planar  (pit-free)  ErSl2  layers  were  made  (see  paper  #2  In 
Appendix). 

3.  Systematic  study  of  barrier  height  on  p-SI  as  a  function  of  annealing 
temperature  has  been  made.  We  found  that  there  is  an  optimum  temperature  of 
annealing  (to  Induce  slllclde  formation)  for  achieving  maximum  barrier 
height.  We  have  a  simple  model  to  explain  this  phenomenon  and  It  was  reported 
at  the  MRS  annual  meeting  at  Boston  1982  (see  paper  #2  1n  Appendix). 

4.  We  believe  that  the  problem  of  fabricating  pit-free  and  stable  ErSl2 
Schottky  diodes  Is  basically  solved  by  our  research  effort  under  this 
sponsorship. 

5.  We  have  also  engaged  In  Ion-beam  mixing  experiments,  primarily  In 
collaboration  with  Professor  Marc  Nicolet  and  his  group  at  Caltech.  We  found 


that  PtS1/n»S1  diodes  formed  by  Ion  beam  mixing  followed  by  thermally 
annealing  do  not  perform  electrically  as  Ideal  diodes.  Radiation  damage  In 
the  SI  substrate  Is  primarily  the  cause  of  poor  electrical  behavior  (see  paper 
#3  In  Appendix).  For  this  reason*  we  did  not  investigate  1on-beam  induced 
ErSl2  diode  characteristics.  On  the  other  hand,  we  believe  that  planar  ErSl2 
diodes  formed  by  Ion  beam  mixing  can  be  made  with  reasonable  electrical 
behavior  If  Ion  Irradiation  Is  done  In  a  well  controlled  manner.  Since  we 
found  a  much  simpler  way  to  make  planar  ErSl2  layers,  the  Ion  beam  mixing 
technique  was  not  pursued.  Ion-bean  mixing  In  electronics  should  be  much  more 
useful  In  the  area  of  ohmic  contact  for  small -dimensional  devices  (self- 
aligned  gate  technology  In  MESFETS). 

6.  In  the  area  of  amorphous  phase  formation  by  Ion-beam  mixing,  we  assisted 
the  Caltech  group  In  the  formulation  of  the  "structural  difference  rule".  We 
gave  an  Invited  and  contributed  paper  at  the  International  Conference  on  Ion 
Beam  Modification  of  Materials  In  Grenoble,  France  In  September  1982  (see 
paper  #4  In  Appendix). 

7.  Our  General  lonex  Tandetron  accelerator  has  been  Installed  and  the  first 
backscattering  spectrum  was  obtained  on  January  11th,  1983.  A  paper  on 
accelerator  energy  calibration  was  presented  at  the  6th  International 
Conference  on  Ion  8eam  Analysis  (see  paper  #6  In  Appendix). 

8.  We  have  Interacted  with  other  laboratories  under  this  program  on  the 
following  projects: 

a.  Rare-Earth  SI 11  cl de  Formation  and  Schottky  Diode  Study  of 

Co-evaporated  Gd-SI  Film  (with  IBM  Watson  Research  Center). 

We  found  that  Gd  behaves  similarly  as  compared  to  Er.  The 


co-evaporation  scheme  1s  yet  another  approach  to  eliminate  pits  as  well 
as  to  promote  shallow  contact.  The  b1 layer  approach 


(Si(a)/6d/S1  <xtal>)  to  eliminate  pits  appears  to  be  a  simpler  method 
and  easier  to  control  since  It  does  not  require  simultaneous 
deposition.  The  results  of  this  Investigation  will  be  reported  1n  the 
literature  at  a  later  date. 

b.  Interaction  of  Pd-Er  Alloys  with  Silicon  (with  IBM  Watson  Research 
Center). 

In  situ  resistivity  measurements  together  with  MeV  ^He'*' 
backscattering,  x-ray  diffraction,  barrier  height  measurements  and  Auger 
electron  spectroscopy  combined  with  Ar  sputtering  have  been  used  to 
Investigate  the  Interaction  of  silicon  with  alloys  of  rare-earth  and 
near-noble  metals.  Alloys  of  Pd-Er  with  three  different  compositions 
have  been  prepared  by  dual  e-gun  coevaporation  on  both  n  and  p-type 
silicon  and  Pd/Er  bilayers  have  been  deposited  on  SIO2.  The  results  show 
that  as-deposited  these  alloys  are  amorphous  and  the  Initial  stages  of 
the  reaction  with  silicon  Is  controlled  by  the  metal -metal  Interaction  as 
well  as  the  metal-silicon  interaction.  The  Er-rich  alloy  (Pdj5Er0g) 
segregates  Er  and  forms  Pd2Er5.  The  segregated  Er  reacts  with  silicon 
producing  ErSl2.  For  the  Pd-rich  alloy  (PcIggErgg)  the  excess  Pd  Is 
segregated  at  the  silicon  surface  forming  Pd2S1.  The  near  50-50  alloy 
forms  PdEr  and  a  slightly  higher  temperature  is  necessary  to  promote  the 
reaction  with  silicon.  The  barrier  heights  of  these  alloy  films  after 
Interactions  with  the  Si  substrate  are  observed  to  decrease  on  n-type 
Si  from  0.65  eV  for  ^^55^35  to  0.40  eV  for  PbjsEgg  (tg  increases 
with  Er  concentration  In  the  alloy).  (See  paper  #9  in  Appendix.) 

c.  Current  Injection  Methods  for  Barrier  Height  Measurement  (with  IBM 
Watson  Research  Center). 

This  technique  Is  derived  from  conventional  methods  for  obtaining 
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barrier  height  and  series  resistance  values  In  photovoltaic  devices.  The 
application  of  this  simple  technique,  not  necessarily  requiring 
transparent  metallizations,  extends  the  linear  region  of  the  LnJ  versus  V 
plot,  allowing  for  an  accurate  determination  of  the  saturation  current. 
The  measurement  of  both  open  circuit  voltage  and  the  short  circuit 
current  as  a  function  of  Illumination  Intensity  allows  the  junction 
characteristics  to  be  determined  free  from  series  resistance  effects. 

The  short  circuit,  usually  not  easily  measurable.  Is  determined  by 
Injecting  current  from  a  current  source  until  the  photo-voltage 
approaches  zero.  The  applicability  of  this  technique  to  Schottky 
barriers  of  ErSl2  and  those  formed  on  GaAs  Is  Investigated  (see  paper 
#10,  abstract  Intended  for  MRS  1983,  In  Appendix). 

d.  Scanning  Laser  Induced  ErSl2  Formation  (with  Stanford  University) 
and  Scanning  Electron  Beam  Induced  ErSl2  Formation  (with  Sandia  National 
Lab,  Albuquerque). 

These  transient  annealing  techniques  are  applied  to  Er/SI  <xtal> 
samples  to  Induce  the  formation  of  ErSl2>  It  was  found  that  both 
transient  techniques  are  capable  of  Inducing  uniform  layers  (pit-free)  of 
ErSl2  by  reacting  Er  directly  wth  Si  substrate.  The  barrier  heights  of 
ErSl2  formed  by  transient  annealing  techniques  are  comparable  to  those 
found  by  thermal  annealing  of  samples  with  a  configuration  of 
S1(a)/Er/S1  <xtal>.  The  results  of  this  Investigation  will  be  reported 
In  the  literature  at  a  later  date. 

e.  Photo-Response  Measurement  of  ErSl2  Diodes  at  Low  Temperatures  (with 
Hanscom  AFB). 

For  this  project,  we  have  sent  samples  to  P.  Pelllgrini  for  barrier 
height  measurement  of  ErSl2  on  n  and  p-type  SI  at  low  temperatures.  At 
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present  vte  are  facing  two  difficulties:  (1)  the  photo-response 
measurement  apparatus  at  Hanscom  AFB  Is  under  repair;  (2)  Schottky  diodes 
of  ErSl2  formed  thermally  In  vacuum  on  n-type  SI  shows  high  n  factor 
(n  '  3)  at  77^K,  It  has  been  our  experience  that  ErSl2  diodes  formed  In 
vacuum  always  have  a  large  recombination-generation  current  as  compared 
to  those  obtained  by  annealing  In  forming  gas.  The  reason  for  this 
obsesrvatlon  Is  not  clear  at  present.  It  Is  our  plan  to  fabricate  a  new 
batch  of  diodes  (with  oxide  passivation  and  guard  ring  structure)  formed 
by  thermal  annealing  In  forming  gas  for  further  Investigation  by  I-V  and 
photo-response  measurements. 
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III.  Conclusions 

(1)  The  problem  of  fabricating  pit-free  and  stable  ErSl2  diodes  Is  basically 
solved  by  using  a  sample  configuration  of  S1(a)/Er/S1  <xta1>. 

(2)  The  maximum  barrier  height  of  ErSl2  on  p-type  Si,  Is  0.78  ±  0.02  eV 
(n  «  1.05)  at  room  temperature.  The  minimum  barrier  height  on  n-type  SI, 

1^,  Is  0.33  ±  0.02  eV  at  room  temperature  (assuming  n  »  1).  At  77‘’k, 

^  Is  0.27  i  0.02  eV  (n  -  1.2). 

(3)  The  contribution  from  the  recombination-generation  current  to  the  total 
forward  current  Is  much  more  significant  for  samples  annealed  In  vacuum 
as  compared  to  those  annealed  In  forming  gas  (''  10  times  higher  for 
samples  annealed  In  vacuum).  The  reason  for  this  Is  still  under 
Investigation. 

(4)  The  reverse  current  of  pit-free  ErSl2  formed  by  annealing  In  forming  gas 
on  p-type  SI  with  guard  ring  structure  Is  about  10  times  the  theoretical 
value  at  10  volts. 

(5)  The  formation  characteristics  and  electronic  performance  of  GdSl2  diodes 
are  similar  to  those  of  ErSl2» 

(6)  We  believe  that  rare-earth  slllclde  Schottky  diodes  on  n-type  Si  can  be 
potentially  useful  for  Infrared  detection. 
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IV.  Hardware  Development 

Backscattering  spectrometry  Is  now  established  at  UCSD.  The  General 
lonex  accelerator  Is  capable  of  delivering  beams  of  3  MeV  ^He’*"*’  and  2  MeV 
'H'*'.  We  are  now  set  up  for  backscattering  and  channeling  experiments.  We 
Intend  to  develop  proton  Induced  x-ray  emission  capability  In  the  future, 
using  the  same  accelerator  but  at  a  different  beam  line. 


V.  Further  Research 


For  future  research  In  rare-earth  siHcide  formatfon  and  their  Schottky 
diode  characteristics,  there  are  at  least  three  areas  that  require  further 
attention: 

(1)  The  origin  of  a  large  recombination-generation  current  component  in  the 
total  forward  current  observed  In  diodes  formed  by  thermal  'nealing  In 
vacuum. 

(2)  The  modulation  of  barrier  height  of  slllcldes  by  Introduci  Ge  In  the 
suicide  layer.  It  Is  known  that  barrier  height  of  a  sini,  ^  jtal  layer 
on  SI  can  be  modulated  by  the  addition  of  a  second  metal  component.  This 
scheme  does  not  always  work  due  to  phase  separation  of  b1 layer  or  alloy 
film  structure.  A  homogeneous  layer  of  Er(S1jjGej.j()2  can  be  easily 
formed  and  phase  separation  does  not  seem  to  occur. 

(3)  It  has  recently  been  established  by  x-ray  photo  anisslon  that  the  core 
level  shift  of  a  slllclde  correlates  with  the  slllclde  barrier  height  on 
n-type  SI.  Measurements  have  been  made  on  NI2SI,  NISI,  Pd2S1 ,  Pt2S1  and 
PtSI. 

The  barrier  heights,  of  these  slllcldes  are  all  higher  than 
0.6  eV.  In  order  to  establish  the  validity  of  this  correlation  fully,  it 
would  be  of  Interest  to  measure  the  bonding-anti  bonding  splitting  of 
ErSl2  {  g  *  0.33  eV)  and  IrSI  (  g  "  0.9  eV)  and  extend  the  range  of 
correlation  from  very  low  g  to  very  high  g.  This  type  of  investigation 
can  provide  an  Insight  Into  the  relevance  of  metal-silicon  bond  energies 
on  Schottky  barrier  heights. 
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SURFACE  MORPHOLOGY  OF  ERBIUM  SUICIDES 


S.  S.  Lau,  C.  S.  Pal  and  C.  S.  Wu 
University  of  California,* San  Diego 
Department  of  Electrical  Engineering  &  Computer  Sciences 
La  Jolla,  California  92093 

T.  F.  Kuech®^  and  B.  X.  Liu*^^ 

California  Institute  of  Technology 
Pasadena,  California  91125 

The  surface  of  rare-earth  silicides  (Er,  Tb,  etc.),  formed  by  the 
reaction  of  thin  film  metal  layers  with  a  silicon  substrate,  is  typically 
dominated  by  deep  penetrating,  regularly  shaped  pits.  These  pits  may  have 
a  detrimental  effect  on  the  electronic  performance  of  low  Schottky  barrier 
height  diodes  utilizing  such  silicides  on  n-type  Si.  This  study  suggests 
that  contamination  at  the  metal-Si  or  silicide-Si  interface  is  the  primary 
cause  of  surface  pitting.  Surface  pits  may  be  reduced  in  density  or  eliminated 
entirely  through  either  the  use  of  Si  substrate  surfaces  prepared  under  ultra 
high  vacuum  conditions  prior  to  metal  deposition  and  silicide  formation  or 
by  means  of  ion  implantation  techniques.  Silicide  layers  formed  by  these 
techniques  possess  an  almost  planar  morphology. 


The  solid  state  Interactions  between  rare-earth  metals  (such  as  Er,  Tb) 
and  single-crystal  SI  exhibits  a  "critical  temperature"  phenomenon^^'^^.  Below 
the  critical  annealing  temperature.  Interactions  are  very  sluggish  and  often 
escape  detection.  Above  the  critical  annealing  temperature.  Interactions  are 
fast  such  that  within  minutes  of  annealing  a  layer  of  rare-earth  metal 
(typically  a  few  thousand  S  thick)  deposited  on  a  SI  substrate  is  consumed 
completely  to  form  a  rare-earth  metal  sIHclde.  For  example,  little  or  no 
slllclde  formation  was  observed* for  a  Er  (-'  10008)/<100>S1  sample  after 
annealing  at  380°C  for  60  minutes,  however,  annealing  at  390°C  led  to  a 
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rapid  formation  of  the  ErSl2  phase*-  •*.  The  formation  of  rare-earth  metal 
suicides  Is  further  characterized  by  the  observation  that  SI  Is  the  dominant 
moving  species  during  interactlons^^^.  The  surface  morphology  of  the  silicide 
Is  typically  dominated  by  a  heavy  pitting.  The  pitting  Is  often  crystallographic 
In  nature  exhibiting  the  symmetry  of  the  underlying  Si  Substrate.  These  rare- 
earth  suicides  form  a  low  Schottky  barrier  height,  <^,  to  n-type  Si  with 
^  ■  0.4  This  suggests  the  utility  of  these  Schottky  barrier  diodes 

In  Infrared  detecting  applications.  The  presence  of  surface  non-uniformities, 
such  as  surface  pitting,  could  prove  to  have  a  detrimental  effect  on  the 
electronic  performance  of  Schottky  barrier  devices.  The  present  study  examines 
the  origin  of  this  surface  pitting  and  presents  several  means  by  which  a 
smooth  planar  morphology  can  be  achieved.  It  will  be  shown  that  the  nature 
and  cleanliness  of  the  original  metal-silicon  interface  plays  a  determining 
role  In  the  development  of  these  surface  pits. 

Two  types  of  structures  were  initially  investigated  in  order  to  determine 
the  role  of  the  crystalline  Si  substrate  in  surface  pitting.  In  the  first 
structure,  ErSi^  was  formed  by  the  reaction  of  a  layer  of  Er  deposited  onto 
a  single  crystal  SI  substrate  while  in  the  second  structure  the  silicide 
was  formed  by  the  reaction  of  Er  with  an  amorphous  Si  layer.  Specifically, 


substrates  of  <100>  SI  used  In  both  structures  were  first  cleaned  by  organic 

solvents  and  then  etched  In  a  dilute  HF  solution,  prior  to  loading  Into  an 
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Ion-pumped  vacuum  chamber.  The  base  pressure  of  the  chamber  was  ~  5  x  10 
torr  and  the  pressure  during  E-gun  evaporation  ( -  1o8/sec)  was  'I  x  10  ^  torr. 
In  the  first  structure  the  deposited  layer  of  Er  (•*  17008)  was  reacted  with 
the  SI  substrate  by  annealing  at  450°C  In  vacuum  ( -  10'®  torr)  to  form  ErSl2. 
The  resulting  surface  morphology  can  be  seen  In  the  cross-sectional  micrograph 
of  Figure  1.  The  pits  are  generally  a  few  ym  In  size  and  penetrate  deep  Into 
the  SI  substrate  with  a  depth  generally  2  to  3  times  the  total  slllclde 
thickness.  The  pits  possess  a  square  or  rectangular  shape  on  <100>  SI  (and 
triangular  on  <111>  SI,  not  shown  In  Figure  1),  thus  suggesting  that  the  pits 
are  related  to  the  crystalline  nature  and  orientation  of  the  Si  substrate. 

The  second  structure  was  formed  by  the  sequential  deposition  of  first  SI 
(-  5000^)  then  Er  (-  1700^)  onto  a  <100>  SI  substrate  without  breaking  vacuum 
between  depositions.  Tsaur  and  Hung^®^  have  shown  that  the  metal /amorphous 
SI  Interface  In  samples  prepared  by  sequential  deposition  without  breaking 
vacuum  Is  relatively  free  of  contamination  compared  to  that  of  metal /crystal¬ 
line  SI  samples  cleaned  chemically.  The  amorphous  SI  thickness  used  here 
was  more  than  enough  to  react  completely  with  the  Er  layer  to  form  ErSi2< 
Annealing  of  the  Er/S1(a)  samples  results  In  layer-by-layer  formation  of 
suicides  at  low  temperatures  (300°C  to  350°C);  the  thickness  of  the  sillcide 
Increases  as  (annealing  time)  .  These  slllclde  formation  characteristics 
are  In  marked  contrast  to  those  observed  on  Er/<100>  Si  samples..  After 
annealing  at  450°C,  the  slllclde  surface  appeared  undulated  (typical  of  most 
suicides)  but  free  of  pits.  This  can  be  seen  In  Figure  2. 

The  absence  of  deep  surface  pitting  In  the  Er/S1(a)  structure  may  be 
due  to  either  unique  Interfacial  reactions  present  In  the  Er/S1(a)  system 
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or  the  relative  cleanliness  of  the  Er/S1(a)  Interface.  The  presence  of  a 
clean  Er*S1  Interface  would  promote  a  uniform  slllclde  reaction  over  the 
SI  surface. 

Three  experiments  were  performed  to  further  ascertain  the  origins  of 
the  slllclde  surface  pitting.  The  first  experiment  consisted  of  preparing 
Er/<100>S1  samples  In  ultra-high  vacuum  (UHV)  to  obtain  a  clean  Er/crysta111ne 
SI  Interface.  A  thin  thermal  oxide  {'•20008)  was  first  grown  on  the  <100>  Si 
substrate,  the  oxide  layer  was  then  etched  off  with  a  10%  HF-H2O  solution, 
followed  by  Immediate  loading  into  an  Ion  pumped  vacuum  chamber.  Once  a 
vacuum  of  x  10~^^  torr  was  obtained,  the  Si  substrate  was  backside  heated 
to 500-600^0.  This  heating  resulted  In  the  desorbtion  of  mainly  Flourine 
atoms  (originating  from  HF  used  on  the  Si  surface)  from  the  substrate  surface 
as  determined  by  a  residual  gas  analyzer.  After  cooling  to  room  temperature, 
the  substrate  Er  ('  13008)  was  deposited  onto  the  Si  surface  at  a  rate  of 
10-208/sec.  The  chamber  pressure  was  10'®  torr  during  deposition.  We  believe 
the  Er/<100>  Si  interface  thus  prepared  is  much  cleaner  than  that  for  the 
sample  shown  in  Figure  1,  although  no  chemical  analysis  was  done  on  the 
samples^^*®^.  After  silicide  formation,  the  surface  possessed  a  low  density 
of  very  shallow  pits  (see  Figure  3).  This  experimental  result  indicates 
that  relatively  clean  Er/crystalline  Si  interface  leads  to  little  or  no 
surface  pitting. 

Ion-beam  mixing  technique  was  used  to  modify  the  silicide  surface  morphology 
In  a  second  experiment.  It  has  been  shown  that  interfacial  contaminants  such 
as  thin  oxide  layers  interlaced  between  a  metal  layer  and  Si  substrate  can  be 
"broken-up"  and  dispersed,  thus  allowing  silicide  formation  to  proceed  as  if 
the  oxide  layer  was  absent^®^.  In  our  case.  Si  ions  were  used  to  irradiate 
a  sample  of  Er  (17008)/<100>  Si  (similar  to  the  sample  shown  in  Figure  1).  Ion 
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1ii4)1antat1on  was  done  at  300  keV  with  a  dose  of  5  x  10  SI  /cm  at  room 
temperature.  Under  these  Implantation  conditions*  the  SI  substrate  near 
the  Er/SI  Interface  would  be  damaged  by  Implantation,  however,  the  slllclde 
reaction  after  annealing  would  consume  more  than  the  Implantation  damaged 
region  In  the  SI  substrate  [the  damaged  thickness  In  SI  Is  estimated  to  be 
Rp  (projected  range)  ARp  (standard  deviation)].  The  slllclde  layer  would 
then  contact  relatively  damage- free  SI  after  the  slllclde  formation.  The 
surface  of  such  a  sample  (after  Implantation  and  annealing)  Is  again  relatively 
free  of  pits  as  Illustrated  In  Figure  4.  This  experiment  again  points  to 
the  role  of  surface  Impurities  or  contamination  in  the  development  of  a  rough 
and  pitted  morphology. 

A  third  experiment  was  performed  In  an  attempt  to  develop  a  simple 
means  by  which  a  smooth  slllclde  layer  may  be  formed  without  the  use  of  UHV 
or  Ion- Implantation  techniques.  Samples  of  Er  ( ^  17008)/S1(a),  -  13008/<100>  SI 
were  prepared  by  sequential  deposition  In  moderate  vacuum  ('•lx  10'^  torr) 
onto  a  <100>  Si  substrate.  The  substrate  cleaning  procedure  was  identical 
to  that  used  in  the  structures  of  Figures  1  and  2.  It  is  to  be  noted  that 
the  amorphous  Si  thickness  was  less  than  necessary  to  consume  all  Er  to 
form  ErSl2t  additional  Si  from  the  substrate  was  needed  to  react  the  Er 
layer  completely.  After  sllicide  formation  the  slllclde  layer  would  be  in 
contact  with  crystalline  Si,  similar  to  the  situation  described  in  the  previous 
experiment  (ion  irradiation).  In  this  case,  surface  pits  were  again  observed. 
Although  here  the  density  of  pits  Is  decreased  from  the  case  of  Figure  1, 
and  the  shape  of  the  pits  was  not  regular  (see  Figure  5).  This  indicates 
that  while  a  smooth  sillclde  layer  may  be  Initially  formed  through  the 
reaction  of  Er  and  a-SI,  the  progression  of  the  slllclde  reaction  through 
a  contaminated  a-SI/Si  Interface  nucleates  the  pit  structures. 
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Differences  In  the  physical  structures  of  the  slllclde  formed  under  the 
varying  experimental  conditions  were  also  Investigated  In  this  study.  X-ray 
diffraction  experiments  (Read  Camera)  showed  that  ErSl2  layers  formed  by 
various  processing  steps  have  hexagonal  structure,  as  reported  before^^^. 

However,  strong  texture  [(100)ErSl2//(100)S1]  was  observed  for  ErSl2  formed 
on  clean  <100>  SI  substrate  (sample  shown  In  Figure  3).  The  texture  was  so 
strong  that  modest  channeling  effect  could  be  observed  by  MeV  He^  beam 
aligned  with  the  <100>  direction  of  SI.  Clean  Si  surface,  therefore,  not 
only  promotes  pit  free  slllclde  formation  but  also  provides  a  certain  degree 
of  epitaxial  alignment  of  the  silicide.  Silicide  layers  formed  on  contaminated 
<100>  Si  (Figure  1),  amorphous  Si  (Figures  2  &  5)  and  on  <100>  Si  with  ion 
Irradiation  (Figure  4)  were  randomly  oriented. 

All  these  experimental  results  are  consistent  with  the  idea  that  interfacia^ 
contamination  is  the  cause  of  surface  pits  in  the  silicide  layer.  We  recognize 
that  no  chemical  analysis  (SIMS  or  Auger)  was  performed  to  determine  interfacial 
cleanliness,  however,  we  believe  that  the  experimental  evidence  is  strong  enough 
to  draw  such  a  conclusion.  We  speculate  that  silicide  nucleates  initially 
through  "weak"  spots  at  the  contaminated  interface.  Once  silicide  formation 
is  initiated,  reaction  kinetics  are  so  rapid  that  columns  of  silicide  are 
formed.  Silicon  atoms  from  the  substrate  migrate  through  the  silicide  columns 
and  then  spread  laterally  to  react  with  the  remaining  Er.  The  silicide  between 
the  columns  are  formed  by  a  lateral  growth  of  the  columns  and  not  by  a  spatially 
uniform  reaction  between  the  remaining  Er  layer  and  the  Si  substrate  underneath. 
In  such  a  manner,  the  initially  formed  columns  are  observed  as  pits.  This 
concept  is  consistent  with  the  observation  that  Si  is  the  moving  species  during 
silicide  formation.  On  clean  surfaces  (either  by  high-vacuum  processing  or  by 
ion  beam  dispension  of  interfacial  contamination),  silicide  formation  proceeds 
In  a  uniform  manner  across  the  entire  sample  surface,  resulting  in  a  silicide 

m 

layer  which  is  relatively  flat  and  free  of  pits. 


In  sumnary,  we  believe  the  deep  surface  pits  formed  on  rare-earth 
suicides  are  caused  by  Interfaclal  contamination  at  the  slllcon-slllclde 
Interface.  It  has  been  shown  that  by  use  of  In-si tu  cleaning  In  a  UHV 
vacuum  environment  or  by  use  of  Ion- Implantation  techniques  the  surface 
pitting  can  be  reduced  or  eliminated.  Work  Is  currently  underway  to  deter¬ 
mine  the  effects  of  varying  surface  morphology  on  the  electronic  performance 
of  slllclde  Schottky  barrier  devices. 
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Figure  4 


Figure  5 


Surface  morphology  of  ErSi2  on  <100>  Si,  formed  by  vacuum  annealing 
(450°C.  30  min)  a  sample  of  Er  (-  17008)/<100>  Si.  (a)  scanning 
electron  micrograph  of  cross>sect1onal  view,  (b)  optical  micrograph 
taken  with  Normaski  interference. 

Surface  morphology  of  ErSi2  on  amorphous  Si,  formed  by  vacuum 
annealing  (450°C,  30  min)  a  sample  of  Er  170o8)/Si (a, '  50008)/ 
<100>  Si.  (a)  scanning  electron  micrograph  of  cross-sectional 
view,  (b)  optical  micrograph  taken  with  Normaski  interference. 

Surface  morphology  of  ErSi2  on  <100>  Si,  formed  as  before.  A 
clean  substrate  surface  was  prepared  in  situ  under  a  vacuum  of 
-  5  X  10”^®  torr.  (a)  scanning  electrom  micrograph  of  cross- 
sectional  view,  (b)  optical  micrograph  taken  with  Normaski  inter¬ 
ference. 

Surface  morphology  of  ErSi2  on  <100>  Si.  This  sample  [ErC-UOoS)/ 
<100>Si)]  has  been  implanted  with  Si  ions  and  then  vacuum  annealed 
to  form  ErSi2*  (a)  scanning  electron  micrograph  of  cross-sectional 
view,  (b)  optical  micrograph  taken  with  Normaski  interference. 

Surface  morphology  of  ErSi2  formed  on  a  sample  with  initial 
configuration  of  Er  (~170o8/Si  (a,  -  13008)/<100>  Si.  The  thickness 
of  a-Si  is  less  than  necessary  to  consume  the  Er  layer.  Additional 
Si  from  the  substrate  is  needed  to  react  the  Er  layer  completely, 
(a)  Scanning  electron  micrograph  of  cross-sectional  view,  (b) 
optical  micrograph  taken  with  Normaski  interference. 
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Abstract 

The  surface  of  Frji2.  formed  by  the  reaction  of  thin  Er 
layers  with  a  single  crystal  silicon  substrate,  is  typically 
dominated  by  deep  penetrating,  regnlarly  shaped  pits.  These 
pits  are  shown  to  hav»j  detrimental  effects  on  the  electronic 
performance  of  Schottky  barrier  height  diodes.  Surface  pits 
may  be  reduced  in  density  or  eliminated  entirely  by  (i)  the  use 
of  Si  substrate  surfaces  prepared  under  ultra-high  vacuum 
conditions  prior  to  metal  deposition,  or  (ii)  by  means  of  ion 
irradiation  techniques,  or  (iii)  by  reacting  Er  with  an 
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amorphous  Si  layer.  In  this  investigation,  planar  ErSi^ 
layers  (pit-free)  are  made  using  the  third  approach  with  a 
sample  structure  of  Si (a)/Er/Si<crystal>.  The  fast 
reaction  between  amorphous  Si  and  Er  leads  to  a  planar 
sample  structure  of  ErSi2/Si<crystal>  with  little  or  no 
reaction  between  Er  and  the  crystalline  Si  substrate.  The 
electronic  performance  of  pit- free  ErSi2  diodes  made  in 
this  manner  is  shown  to  be  much  superior  to  those  made  by 
reacting  Er  with  .Si  substrates. 


I. 


Introduction 


The  formation  of  rare-earth  metal  silicides  is  characterized  by  the 

following  observations:  (1)  the  solid  state  interactions  between  rare-earth 

metals  (such  as  Er  and  Tb)  and  single  crystal  Si  exhibit  a  critical  temperature 
ri-3l 

phenomenon  *•  Below  the  critical  annealing  temperature,  interactions  are 

very  sluggish.  Above  the  critical  anneal  temperature,  interactions  are  fast, 
such  that  within  minutes  of  annealing  a  layer  of  rare-earth  metal  (typically 

O 

a  hundred  to  a  few  thousand  A  thick)  deposited  on  Si  is  consumed  completely 
to  form  a  rare-earth  metal  silicide;  (2)  Si  is  found  to  be  the  dominant 
moving  species  during  interactions;  (3)  the  surface  morphology  of  the  silicide 
is  typically  dominated  by  a  heavy  pitting  and  the  pitting  is  often  crystallo- 
graphic  in  nature  (4)  the  surface  pits  may  be  reduced  in  density  or 

eliminated  entirely  through  either  the  use  of  Si  substrate  surfaces  prepared 
under  ultra-high  vacuum  conditions  prior  to  metal  deposition  and  silicide 
formation  or  by  means  of  ion  implantation  techniques.  Silicide  layers  formed 
by  these  techniques  possess  an  almost  planar  morphology  (5)  Silicide 

formation  behavior  between  Er  and  amorphous  Si  is  distinctly  different  from 
that  between  Er  and  crysta 1 1 ine  Si.  Erbium  reacts  with  amorphous  Si  to  form 
ErSi2  in  a  layer  by  layer  fashion  at  temperatures  as  low  as  'v300“C,  as  compared 
to  the  critical  temperature  for  reaction  observed  for  crystalline  Si  ('\-390“C). 

rsi 

The  reaction  kinetics  are  observed  to  be  diffusion  controlled  '■  and  the 

ErSi2  layer  formed  in  this  manner  is  laterally  uniform  without  any  surface 
[4] 

pits  '■ 

Rare-earth  silicides  form  low  Schottky  barriers,  <})g,  to  n-type  Si  with 
(J)g  =  0.3  -  0.4eV  This  suggests  the  utility  of  these  Schottky  barrier 

diodes  in  infrared  detecting  applications.  The  presence  of  surface  non- 


uniformities,  such  as  surface  pitting,  could  prove  to  have  a  detrimental  effect 
on  the  electronic  performance  of  Scbottky  barrier  devices  as  well  as  inaccurate 
determination  of  barrier  heights  by  I-V  measurements. 

The  objectives  of  the  present  study  were  to  form  pit- free  ErSi2  layers 
using  amorphous  Si,  without  recourse  to  ion  implantation  or  ultra-high  vacuum 
techniques;  and  to  compare  electronic  performance  of  ErSi^  diodes  with  and 
without  surface  pitting. 

The  approach  we  used  to  fabricate  pit- free  ErSi2  was  to  utilize  the 
fast  reaction  kinetic  rate  between  Er  and  amorphous  Si  ^  In  this  case, 

a  layer  of  Er  was  first  deposited  on  a  <100>  Si  substrate  followed  by  the 
deposition  of  Si  on  top  of  the  Er  layer.  A  relatively  low  temperature 
annealing  (300  -  ASO^C)  leads  to  the  formation  of  pit- free  ErSi^  between  the 
Er  layer  and  the  amorphous  Si,  without  silicide  formation  between  Er  and 
crystal  1 ine  Si .  The  situation  is  schematically  shown  in  Figure  1. 


II .  Experimental 


Silicon  substrates  (p-type,  1-10  Jlcm,  <100>  in  orientation)  were  used 
in  this  study  to  facilitate  barrier  height  measurements,  ((|)g  'v-  0.7  -  0.8V). 

The  wafers  were  first  cleaned  by  organic  solvents,  followed  by  an  RCA  cleaning 
process  with  a  final  rinse  in  an  HF  solution.  The  wafers  were  loaded 

O 

immediately  into  an  ion-pumped  vacuum  chamber.  A  layer  of  Er  ('v-SOO  A)  was 

O 

deposited  onto  the  substrates,  followed  by  the  deposition  of  Si  (%750  A  n-type 
0.002  '?.-cm)  on  top  of  the  Er  layer.  The  Si  layer  thickness  was  chosen  such 
that  a  layer  of  ErSi2  would  form  after  thermal  annealing.  The  rate  of  deposition 

o  o 

was  MO  A/sec  for  Er  md  20  -  30  A/sec  for  Si,  at  a  pressure  of  MO"  torr. 

A  heavily  doped  n-type  Si  charge  was  used  for  evaporation  to  increase  the 
conductivity  of  the  deposited  Si  (airorphous)  layer  so  that  electrical  measure¬ 
ments  could  be  made  before  any  silicide  formation. 

For  electrical  evaluation,  diodes  with  sizes  of  0.5  mm,  1  mm  and  3  mm 
in  diameter  were  made  on  the  wafers  with  mechanical  masks.  For  comparative 
purposes  a  similar  set  of  diodes  with  only  Er  on  p-Si  was  also  made.  The 

samples  were  analyzed  before  and  aiter  vacuum  (<b  x  10"^  torr)  or  f owing 

4  + 

forming  gas  (15%  H2,  85%  N2)  annealing  with  x-ray  Read  Camera  and  MeV  He 
backscattering  techniques.  The  barrier  heights  and  leakage  currents  were 
determined  by  current  voltage  measurements. 
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III.  Results 


-  d 

The  surface  morphologies  of  ErSi^  layers  formed  on  Si  with  the 
conventional  method  and  with  the  new  approach  are  shown  in  Figure  1.  It 
can  be  seen  from  the  optical  micrographs  that  the  ErSi2  layer  formed  by 
reacting  Er  with  amorphous  Si  on  top  of  Er  is  much  more  uniform  laterally 
than  that  formed  by  reacting  Er  with  the  Si  substrate. 

The  forward  and  reverse  I-V  characteristics  of  these  samples  before 
annealing  (silicide  formation)  are  shown  in  Figure  2  (only  3  mm  diodes  are 
shown).  The  barrier  heights,  4ig,  of  both  Er/Si<p,100>  and  Si(a)/Er/Si<p,100> 
samples  are  found  to  br  0.68  lO.Ole'/  with  an  n  factor  of  '\>1.05,  relatively 
independent  of  the  siz^--  nf  the  diodes.  Since  these  diodes  have  not  been 
passivated,  the  reverse  currents  cannot  be  determined  accurately.  However, 
the  lowest  reverse  currents  measured  at  10  volts  are  about  seven  times  (7x) 
higher  than  the  theoretical  reverse  current,  calculated  from  considering 
only  the  effect  of  image  force  lowering. 

After  silicide  formation,  the  barrier  heights  of  both  types  of  samples 
are  observed  to  increase.  Figure  3  shows  the  I-V  characteristics  observed 
on  both  types  of  samples  after  annealing  at  450°C  for  30  minutes  in  forming 
gas. 

The  barrier  height,  <(ig,  of  ErSi^  diodes  formed  by  reacting  Er  with  Si 
substrate  is  found  to  be  0.7±.02  eV  with  an  n  factor  of  M.l.  The  silicide 
layer  formed  on  this  type  of  sample  (Er/Si<100>)  is  not  laterally  uniform  as 
shown  in  Figure  1.  The  reverse  characteristics  show  soft  break  down  behavior 
(see  Figure  3).  The  lowest  reverse  current  measured  at  10  V  is  about  100  times 
the  calculated  reverse  current.  The  barrier  height,  <{)^,  of  ErSi^  formed  by 
reacting  Er  with  amorphous  Si  is  found  to  be  0.76  ±  0.02eV  with  an  n  factor 
of  1.05.  The  reverse  currents  for  this  type  of  sample  (Si (a)/Er/Si<p,100>) 


after  silicide  formation  are  usually  much  smaller  than  those  observed  on 
Er/Si<100>  samples  after  silicide  formation.  The  lowest  reverse  current 
measured  at  10  V  is  about  20  times  the  calculated  reverse  current  (Figure  3), 
It  is  also  found  that  the  barrier  heights  of  both  types  of  samples 
change  as  a  function  of  annealing  temperature  for  a  given  annealing  time. 

This  behavior  is  shown  in  Figure  4  (for  a  30  minute  annealing  period).  For 
samples  with  a  configuration  of  Si(a)/Er/Si<p,100>,  the  barrier  height 
increases  from  an  as-deposited  value  of  ''^.68  eV  to  a  maximum  of  'vO.77  eV 
at  'v380'’C  and  then  gradually  decreases  to  0.74  eV  at  500°C.  The  initial 
rise  of  ({.g  is  believed  be  due  to  the  reduction  of  the  interfacial  oxide 
and  other  contaminate  tij,  between  the  t>  layer  and  the  Si  substrate,  by  the 
Er  layer  without  silic  ide  formation,  thus  allowing  intimate  contact  between 
Er  and  the  Si  substrate.  A  maximum  value  of  is  obtained  when  an  ErSi^ 
layer  is  formed  between  Er  and  amorphous  Si  and  is  in  contact  with  the  Si 
substrate.  The  temperature  and  time  (SSO^C,  30  minutes)  for  this  to  occur 
is  consistent  with  reported  kinetics  and  confirmed  by  backscattering  in 
our  case.  The  reason  for  the  gradual  decrease  of  (l)g  after  the  maximum  is 
not  clear  at  present.  However,  this  could  be  due  to  the  very  rapid  reaction 
rate  between  Er  and  amorphous  Si  to  form  silicide  at  high  temperatures,  such 
that  the  reduction  of  interfacial  oxide  could  not  be  completed  before  the 
total  consumption  of  Er.  For  samples  with  an  Er/Si<p,100>  configuration, 

increases  from  0.68  eV  to  a  maximum  of  0.75  eV  at  ^350°C  and  then  decreases 

D 

relatively  rapidly  to  'vO.GO  eV  at  'x500°C.  The  initial  rise  of  (|)g  can  be 
interpreted  as  before.  The  decrease  of  (J)g  after  the  maximum  is  likely  to 
be  an  effect  of  silicide  formation  between  Er  and  the  Si  substrate.  Because 
of  silicide  formation,  pits  begin  to  form  at  the  ErSi2/Si<p,100>  interface, 
thus  affecting  the  effective  area  for  current  density  determination.  Shallow 


pits  are  visible  after  annealing  at  380°C  for  30  minutes.  As  the  annealing 
temperature  increases,  surface  pits  become  more  pronounced.  The  barrier 
height  is  observed  to  decrease  rapidly  between  400°C  and  450°C,  corresponding 
to  the  appearance  of  a  high  density  of  deep  penetrating  surface  pits. 

The  effect  of  annealing  time  at  a  given  temperature  on  the  barrier 
height  is  shown  in  Figure  5  (380®C  annealing).  For  samples  with  a  Si(a)/Er/ 
Si<p,100>  configuration,  (J>g  increases  with  annealing  time  until  it  reaches  a 
saturation  value  (''X).77  eV)  after  '>0.4  hours  of  annealing.  This  corresponds 
to  the  total  consumption  of  Er  to  form  ErSi2  between  Er  and  amorphous  Si  and 
the  Si  substrate  is  n.  u  in  contact  with  a  planar  ErSi^  layer.  For  samples 
with  an  Er/Si<p,100>  i.f.''. figuration ,  'iP  reaches  a  saturation  value  of  '>0.72  eV 

if 

after  'vO.l  hours  of  annealing,  '.-/e  oelieve  that  this  is  the  time  necessary  to 
reduce  the  interfacial  oxide  by  I'.r  at  380'’C.  Shallow  surface  pits  begin  to 
develop  after  30  minutes  of  annealing.  The  barrier  height  remains  relatively 
constant  at  '^.72  eV  even  after  10  hours  of  annealing,  although  shallow 
surface  pits  appear  to  increase  somewhat  after  longer  periods  of  annealing. 
The  electrical  pn.ptrtias  of  Er  ril’cide  diodes  formed  on  both  types  of 
samples  are  briefly  summarized  in  Table  1. 
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The  effects  of  lateral  non-uniformity  of  ErSi^  layers  can  be  clearly 

seen  by  the  lowered  barrier  heights  and  increased  reverse  currents  (see 

Figures  1  and  3).  These  observations  can  be  explained  by  an  increased 

effective  area  of  diodes  for  current  transport  and  high  electric  fields 

associated  with  pits  in  the  ErSi2  layer.  Using  a  sample  configuration  of 

Si(a)/Er/Si<xtal>,  laterally  uniform  ErSi^  layers  can  be  formed  on  single 

crystal  Si  substrates.  This  approach  takes  advantage  of  the  fact  that  Er 

reacts  with  amorphous  Si  at  temperatures  much  lower  than  the  critical 

temperature  above  whicii  Er  reacts  with  single  crystal  Si  rapidly.  Diodes 

of  ErSi2  with  a  planar  .tructure  are  shown  to  have  higher  barrier  heights 

and  much  reduced  reverse  currents.  At  temperatures  below  the  critical 

temperature,  the  reaction  betv/een  Er  and  single  crystal  Si  to  ErSi2  is 

sluggish,  however,  we  suggest  that  the  Er  layer  can  reduce  the  native  oxide 

layer  and  other  contaminations  located  at  the  Er/Si<xtal>  interface  due  to 

the  chemical  activity  of  Er.  The  reduction  of  interfacial  contamination 

permits  a  more  intimate  contact  between  Er  and  the  Si  surface  ..nt  "'eads  tc 

increased  barrier  heights  without  silicide  formation,  as  shown  in  the  initial 

rise  of  4ig  in  Figures  4  and  5.  This  speculation  is  supported  by  the  observati 

that  when  an  HF  rinsed  Si  substrate  is  backside  heated  to  500°C  -  600"C  in  a 
-8 

vacuum  of  '^-1  x  10"  torr  and  then  cooled  to  room  temperature  before  Er 
deposition,  the  barrier  height  of  such  a  sample  is  'vO.S  eV  which  is  much 
higher  than  those  obtained  on  samples  without  backside  heating  ('vX).68  eV). 

This  heating  resulted  in  the  desorption  of  mainly  flourine  atoms  (originating 
from  HF  used  on  the  Si  surface),  and  should  lead  to  a  relatively  contamination 
free  Si  surface  (hence  the  high  ({»g  value). 

Although  high  barrier  height  Schottky  diodes  of  Er  on  p-Si  (hence  low 
barrier  heights  on  n-Si)  can  be  fabricated  by  proper  preparation  of  the  Si 


substrate  without  silicide  formation,  the  elemental  Er  layer  is  extremely 
active  and  normally  oxidizes  in  room  air.  Formation  of  ErSi^  improves  the 
stability  of  these  diodes  significantly,  since  ErSi^  is  stable  up  to  SOO^C 
and  above.  Using  a  sample  configuration  of  Si(a)/Er/Si<xtal>  not  only  allows 
the  formation  of  laterally  uniform  ErSi^  layers,  but  also  relaxes  the 
annealing  ambient  for  silicide  formation.  In  fact,  functional  planar  diodes 
of  ErSi^  can  be  obtained  by  annealing  the  Si (a )/Er/Si <100>  structure  in  air 
at  MOO^C.  This  is  because  the  top  amorphous  Si  layer  protects  the  Er  layer 
from  oxidation.  Once  silicide  is  formed  between  Er  and  amorphous  Si,  the 
resulting  ErSi2  layer  is  stable  against  oxidation  at  M00°C. 

In  summary,  we  h.-ve  shown  that  laterally  uniform  ErSi^  layers  can  be 
easily  formed  by  a  simple  method.  Tte  barrier  heights  determined  by  I-V 
measurements  on  pit-free  ErSi2  diodes  are  believed  to  be  more  accurate. 
Schottky  diodes  of  ErSi2  are  stable  against  oxidation  and  should  prove  useful 
as  reliable  infrared  detectors  (on  n-type  Si). 
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Upper  portion:  Optical  micrographs  (with  Normaski  contrast)  of  top 
views  of  ErSi2  layers  formed  by  two  different  methods.  Lower  portion: 
Schematic  showing  ErSi2  Schottky  barrier  contacts  formed  by  conventional 
method  and  the  new  approach. 

I-V  characteristics  of  Er/Si<p,100>  and  Si (a )/Er/Si<p,l 00>  diodes  before 
annealing.  The  diode  size  is  3  mm  in  diameter. 

I-V  characterist,  i<,s  of  Er/Si<p,inO>  and  Si(a)/Er/Si<p,100>  diodes 
(3  rnm  in  diameter)  after  annealing  at  450°C  for  30  minutes  in  forming 
gas. 

Barrier  height  vs.  annealing  temperature  (30  minutes  annealing  time). 

Barrier  height  vs.  annealing  time  at  BBO^C. 


Conventional  Method 


New  Approach 


t  (hrs) 


APPENDIX  3 


/I'l./  Ce-y.f  22^ 


1 
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ABSTRACT 

The  electrical  properties  of  ion  irradiated  sietal-senicon* 
ductor  contacts  are  investigated.  Silicide  contacts  are  fab¬ 
ricated  by  depositing  Ft  on  chemically  clean  or  slightly  oxi¬ 
dized  14  A  Si02)  n'^-and  n-type  <111>  Si,  followed  by  a  Si 
ion  irradiation  (10^4  -  6x10^^  Si/cm^)  through  the  metal-Si 
interface  at  various  substrate  teiig>eratiires,  and  a  final  ther¬ 
mal  annealing  in  vacuum  to  form  the  silicide.  Forward  I-V 
measurements  are  employed  for  electrical  characterization. 

Metal-Si  interaction  and  substrate  damage  are  measured  by  MeV 
ion  bachscattering  and  channeling,  and  inter facial  oxygen 
monitored  by  nuclear  l^(d,a)^%  reaction. 

Platinum  contacts  prepared  on  clean  n-type  substrates  are 
Schottky  diodes  with  a  barrier  height  ^pn  *  eV.  After 
Si  irradiation,  the  forward  I(V)  is  a  power  law  whose  form 
is  largely  independent  of  the  dose.  Subsequent  thermal  anneal¬ 
ing  induces  silicide  formation,  but  at  a  reduced  rate  compared 
to  irradiated  samples.  The  dc  characteristics  is  roughly  ex¬ 
ponential  again,  but  departures  from  the  original  Schottky 
characteristics  remain  and  are  largest  for  the  highest  Si 
doses.  The  effect  is  attributed  to  radiation  damage  in  the 
Si  that  is  not  consumed  by  the  silicide  reaction. 

Platinum  contacts  prepared  on  chemically  oxidized  samples 
behave  differently  for  different  substrate  materials,  although 
the  total  amount  of  interfacial  oxygen  is  always  the  same.  On 
n'^-type  sauries,  the  silicide  formation  at  400*C  is  laterally 
uniform  for  Si  doses  >  2  x  lo^^  cm~^,  but  is  nonuniform  for 
all  doses  2  X  lO^S” Si/cm^)  on  n-type  samples.  For  n+-type 
samples  at  250*C,  a  dose  of  2  x  lo^^  Si/cm^  is  required  to 
induce  (uniform)  silicide  formation}  the  kinetics  displays 
a  time  delay  caoq>ared  with  that  of  clean  n***  substrates.  On 
oxidized  n-type  substrates,  the  I(V)  characteristics  of  Pt 
contacts  before  irradiation  is  not  Schottky-like,  but  power- 
law-  type.  After  irradiation,  the  characteristic  is  the  same 
as  for  the  clean  irradiated  samples.  Thermal  azmeallng  induces 
only  incaiiq>lete  recovery  toward  an  exponential  behavior. 

‘^Permanent  Addresst  LAMEL  Laboratory,  C.N.R. ,  Via  de  Castagnoli  1,  40126 

Bologna,  Italy 
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Finland,  Otakaari  5A,  SF-02150  Espoo  15,  Finland 


Th«s«  results  dsnonstrats  that  radiation  danaga  in  the 
unreacted  Si  remains  significant  for  the  electrical  behavior 
of  all. 

These  results  demonstrate  that  radiation  damage  determines 
the  Z(V)  characteristics  of  as-irradiated  Pt  contacts  to  n-type 
Si  regardless  of  the  presence  of  an  interfacial  oxide  layer. 
After  annealing  at  400*C  for  30  min,  radiation  damage  is  still 
significant,  but  the  oxidized  saaples  recover  less  than  the 
clean  ones.  The  results  are  attributed  to  radiation  damage 
in  the  unreacted  Si  substrate. 


INTSODUCnOM 

There  is  decided  interest  in  ohmic  and  Schotthy  barrier  contacts  to  Si  using 
Mtal  silicides  because  of  their  stable  and  reliable  characteristics.  It  is 
desirable  in  VLSI  technology  to  minimize  the  processing  temperature  employed 
for  siliclde  formation.  Residual  contamination  at  the  Mtal-Si  interface  can 
inhibit  silicide  formation  [1]  and  results  in  laterally  nonuniform  siliclde 
formation  at  low  annealing  temperatures  [2,3].  The  room  temperature  formation 
of  several  silicides  induced  by  ion  beam  has  been  extensively  investigated 
[4,5],  although  the  electrical  properties  were  not  examined.  Recent  studies 
have  demonstrated  that  a  thin  interfacial  oxide  diffusion  barrier  can  be  dis¬ 
rupted  by  ion  irradiation  allowing  siibsequent  thermal  silicide  formation  [3] . 
The  ion  irradiation  also  affects  the  bulk  transport  process. 

Me  have  investigated  the  Influence  of  Si  ion  irradiation  on  the  kinetics  of 
Pt2Si  forsuktion  and  on  the  forward  I(V)  behavior  of  Pt/Si  Schottky  diodes,  both 
on  substrates  with  and  without  an  interfacial  oxide  layer  produced  by  wet  chem¬ 
ical  oxidation.  He  also  briefly  examine  the  role  of  Si  substrate  doping  level 
on  the  interfacial  oxide  layer's  Inhibition  of  Pt  diffusion. 

EXPERIMENTAL 

Two  types  of  Si  %fafers  used  in  this  study  %rere  n'*’-type  0.005-0.020  n*cm 
<111>  Si,  and  a  10  vm  10-30  n*cm  n-type  epilayer  on  a  0.003  n*cm  n***  <111>  sub¬ 
strates.  Fokir  wafers  each  were  consecutively  cleaned  ultrasonically  in  acetone 
and  methanol  followed  by  etching  in  12%  KF  and  then  slightly  oxidized  in  a 
boiling  solution  of  1>H202:NH3 (aq.) :H20  •  1:1:5.  One  each  of  the  oxidized 
wafers  were  rinsed  in  distilled  water,  blow  dried  with  N2,  and  loaded  into  an 
oil-free  e-beam  evaporation  system.  Clean  substrates  with  only  the  unavoidable 
native  oxide  were  prepared  by  dipping  the  other  two  wafers  in  3%  KF  prior  to 
loading.  A  metal  mask  was  used  to  define  square  areas  of  7.7  x  cm^  on  the 

epitaxial  wafers  for  contacts.  A  'v  800  A  Pt  film  was  evaporated  onto  each  sub¬ 
strate,  during  «diich  the  pressure  was  <  10** torr.  The  interfacial  oxygen  on 
both  of  the  oxidized  substrates  was  measured  using  the  ^^(d,a)^^N  nuclear 
reaction  to  be  6.5  t  0.8  x  lo^^  atoms  cm~2,  corresponding  to  14  A  Si02.  0.1 

]m  A1  contacts  %#ere  evaporated  onto  the  back  surface  of  the  epi  wafers. 

Silicon  irradiations  %(ore  made  at  sample  temperatures  of  -196*C  and  27*Cwith 
180  -  200  keV  Si+  (Rp(Pt)  670  A,  ARp{Pt)  'v  420  A)  [6]  to  fluence  of  0.2  -  2  x 
10l5  cm^Z.  The  epi  wafer  samples  were  subsequently  annealed  at  400*C  for  30 
sdn  in  a  quartz  tube  vacuum  furnace.  Standard  forward  dc  I (V)  measurements 
were  siade  on  the  contacts  after  the  Si  irradiation  and  after  annealing. 

Samples  studied  for  thermal  reactivity  were  isothermally  annealed  over  the 
tes^rature  range  254  -  560*C  for  periods  of  10  -  190  min.  The  samples  were 
analyzed  by  2.0  MeV  ^e*^  ion  backscattering  spectrometry.  The  Pt  was  etched 
from  selected  unannealed  sasqples  with  boiling  aqua  regia  and  the  damaged  Si 
region  analyzed  by  ion  channeling  measurements. 


3 


KESULTS  AMD  BZSCUSSZON 


Figurs  1  shows  s  semi-logarithmic  plot  of  typical  forward  I (V)  curves  for  un 
-ennealed  Pt  contacts  with  and  without  Si  irradiation  on  both  clean  and  oxidized 
n-typei  api  substrates.  Schottky  diode  behavior  is  observed  for  as-deposited  Pt 
on  clean  Si.  The  Sehottky  barrier  height  calculated  assuming  thermionic  emis¬ 
sion  is  "V'  consistent  with  previously  reported  values  17] .  The  I (V) 

relation  for  as-deposited  Pt  on  oxidized  Si  is  not  exponential;  rather,  the 
curve  suggests  a  power  law  dependence  Ip  >  (Vp)P  for  Vp  >  50  mV  with  p  •  2-3. 
All  of  the  contacts  exhibit  the  same  forward  I(V)  characteristics  after  0.2  - 
2  X  10^5  Si  cm**^  irradiation,  independent  of  substrate  temperature  during  irrad 
-iation.  Again,  a  power  law  relationship  is  suggested,  with  p  ■  2  i  0.2,  by 
these  characteristics.  This  uniform 
behavior  after  irradiation  indicates 
that  electrical  transport  is  dominated 
by  radiation  damage  in  the  vicinity  of 
the  contact.  This  is  consistent  with 
the  fact  that  a  significant  fraction  of 
the  ijiplanted  Si  penetrates  the  Pt-Si 
interface  at  the  energies  enployed  [6] . 

The  left-hand  side  of  Fig.  2  shows 
semi-logarithmic  plots  of  the  forward 
1(V)  characteristics  of  typical  Si 
irradiated  Pt  contacts  on  the  clean  n- 
type  epl  substrates  after  400*C  anneal¬ 
ing  for  30  Biin.  It  is  evident  that 
diode-like  behavior  is  restored  by  the 
annealing.  Some  dependence  on  the  Si 
irradiation  remains,  however,  in  that 
the  contacts  receiving  the  greatest  Si 
fluence  differ  most  from  the  unirradi¬ 
ated  contacts  which  exhibit  Sehottky 
diode  behavior  •  842  mV,  n  «  1.05) . 

Backscatterlng  spectra  of  all  these 
saa^les  show  laterally  uniform  silicide 
formation  with  PtSi  stoichiometry.  We 
believe  that  the  Si  damaged  by  Irradiation 
is  not  completely  consumed  during  silicide 
formation.  This  is  consistent  with  the 
observed  influence  of  Si  dose  on  the  I(V) 
characteristics  after  annealing.  It  is 
not  anticipated  that  the  400*C  annealing 
will  entirely  remove  the  radiation  damage  [6] . 

The  influence  of  the  Si  irradiation  on  silicide  formation  kinetics  is  shown 
in  Fig.  3.  These  measurements  were  made  on  the  n'*’  doped  substrates,  and  per¬ 
tain  to  the  first  silicide  phase  formed,  namely  Pt2Si.  Note  the  annealing 
temperature  is  only  254 *C.  In  contrast.  Fig.  2  pertains  to  n-type  substrates 
and  second  phase  formation  at  400*C.  Figure  3  shows  that  silicide  formation 
remains  transport  limited  after  Si  irradiation  with  a  reduction  in  the  diffus¬ 
ion  constant.  This  concurs  with  previous  observations  that  Xe  irradiation  also 
retards  Pt  silicide  formation  [3] .  We  note  that  the  reaction  rate  decreases 
moxwtonically  with  increasing  Si  fluence.  Channeling  measurements  performed 
on  2  X  10^5  cm''^  Si  Irradiated  samples,  after  Pt  removal,  show  that  the  Si  sub¬ 
strate  is  heavily  damaged  (Tamorphized")  to  a  depth  of  'V'  2000  & 

Only  530  X  ^f  Si  is  consumed  by  the  complete  reaction  of  the  Pt  producing 
Pt2Si.  1100  A  of  Si  is  consumed  in  the  formation  of  PtSi.  This  supports  our 
contention  that  a  residual  underlying  damaged  Si  layer  is  Involved  in  the 


Fig.  1.  Typical  forwaurd  Z(V) 
characteristics  of  Pt  contacts  on 
clean  and  slightly  oxidized  n-Si 
before  and  after  Si'*’  irradiation. 
All  contacts  exhibit  the  same  I (V) 
behavior  after  the  Si  irradiation. 


Tig,  2,  Typical  forward  l(v)  charactari sties  of  Si  irradiated 
Pt  contacts  on  clean  and  slightly  oxidized  n>Si  after  400*C 
annealing  for  30  min. 

altered  I(V)  characteristics  of  irradiated  contacts  after  annealing  (left-side 
of  Fig.  2) . 

We  also  show  in  Fig.  3  kinetic  studies  on  oxidized  n***  substrates  also  made 
at  254*C.  Mo  reaction  is  observed  with  as-deposited  or  2  x  cm~^  Si  irrad¬ 

iated  samples.  Silicide  formation  is  observed  after  a  27*C  irradiation  of  2  x 
10l3  Si  em~^  at  190  keV.  In  this  case,  the  lateral  \iniformity  of  the  moving 
interface  is  sufficient  to  define  a  kinetic  behavior.  The  first  phase  silicide 
formation  is  again  transport  limited  after  a  delayed  initiation  of  27  min. 

The  effective  diffusion  coefficient  is  only  slightly  lower  than  that  observed 
with  clean  substrates  identically  irradiated.  We  guess  that  the  delay  is  due 
to  a  slow  permeation  of  the  oxide  beurrier  followed  by  its  catastrophic  failure 
after  which  transport  is  dominated  by  bulk  diffusion. 

In  contrast  to  the  annealing  results  at  254*C,  Ft  silicide  formation  is 
observed  on  the  oxidized  n***  substrates  after  400*C  annealing,  although  the  re¬ 
sulting  Si-silicide  interface  is  laterally  nonuniform.  A  uniform  interface  is 
obtained  with  this  substrate  after  190  keV  Si  irradiation  at  finances  of  2  x 
10^^  cm*^  or  more.  However,  radically  different  behavior  was  observed  with  the 
oxidized  n-type  epi  wafers.  In  the  later  case,  no  reaction  was  evident  by 
backscattering  spectrometry  with  unirradiated  samples  for  30  min  annealing  at 
<  500*C.  Irradiated  samples  on  the  oxidized  n-type  epi  substrates  annealed  at 
7oO*C  for  30  Biin  either  did  not  react  or  reacted  nonuniformly.  Typical  forward 
1(V)  characteristics  of  these  contacts  are  shown  in  the  right-side  of  Fig.  2. 

It  is  clear  from  these  curves  that  Schottky  diode  behavior  is  not  produced  after 
annealing  as  in  the  case  with  clean  sxabstrates.  Since  the  interfacial  oxygen 
is  known  to  be  the  same  for  both  n  and  n***  siabstrates,  we  conclude  that  the  oxide 
on  highly  doped  swterial  is  structurally  different  from  that  formed  on  low  doped 
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Interactions  Induced  by  Ion  Irradiation  are  generally  considered  to  be 
non-equilibrium  processes,  whereas  phase  diagrams  are  determined  by  phase 
equilibria.  These  two  entitles  are  seemingly  unrelated.  However,  If  one 
assumes  that  quasl-equi librium  conditions  prevail  after  the  prompt  events, 
subsequent  reactions  are  driven  toward  equilibrium  by  thermodynamical  forces. 
Under  this  assumption.  Ion- Induced  reactions  are  related  to  equilibrium  and 
therefore  to  phase  dlagr^s.  This  relationship  can  be  seen  In  the  similarity 
that  exists  In  thin  films  between  reactions  Induced  by  Ion  Irradiation  and 
reactions  Induced  by  thermal  annealing.  In  the  latter  case,  phase  diagrams 
have  been  used  to  predict  the  phase  sequence  of  stable  compound  formation, 
notably  so  in  cases  of  silicide  formation. 

Ion-induced  mixing  not  only  can  lead  to  stable  compound  formation,  but 
also  to  metastable  alloy  formation.  In  some  metal-metal  systems,  terminal 
solubilities  can  be  greatly  extended  by  Ion  mixing.  In  other  cases,  where 
the  two  constituents  of  the  system  have  different  crystal  structures,  extension 
of  terminal  solubility  from  both  sides  of  the  phase-diagram  eventually  becomes 
structurally  incompatible  and  a  glassy  (amorphous)  mixture  can  form.  The 
composition  range  where  this  bifurcation  Is  likely  to  occur  is  in  the  two-phase 
regions  of  the  phase  diagram.  These  concepts  are  potentially  useful  guides 
In  selecting  metal  pairs  that  form  metallic  glasses  by  ion  mixing.  In  this 
report,  phenomenological  correlation  between  stable  (and  metastable)  phase 
formation  and  phase  diagram  is  discussed  in  terms  of  recent  experimental  data. 
‘Permanent  Address:  Qinghua  University,  Beijing,  The  People's  Republic  of  China 


I .  Introduction 


When  an  ion  impinges  on  a  target,  a  sequence  of  ballistic 

collisions  is  initiated  by  the  penetrating  ion.  This  initial  part 

of  the  process  has  been  referred  to  as  the  prompt  phase  of  ion 
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mixing  and  lasts  about  10  sec.  As  the  energy  of  the  primary 
particle  is  distributed  over  a  progressively  larger  number  of  atoms, 
one  reaches  a  state  where  an  average  local  energy  or  temperature 
may  be  defined.  During  the  prompt  event  period,  the  displacement 
of  atoms  is  presumed  to  be  largely  random,  so  that  a  correlation 
between  ion-induced  mixing  of  two  chemically  distinct  species  and 
their  phase  diagram  is  not  expected.  As  the  relaxation  process 
proceeds,  a  quasi-equilibrium  condition  may  exist  locally.  If 
phase  diagreims  were  to  be  pertinent  in  this  regime,  one  would  expect 
that  they  should  be  diagrams  for  high  pressures ,  on  account  of  the 
confinement  exerted  by  the  surrounding  material.  After  further 
relaxation  of  the  excited  regions,  atoms  and  defects  move  toward  a 
configuration  that  is  even  closer  to  thermal  equilibrium.  The 
temperature  and  pressure  eventually  reach  conditons  near  those  of 
commonly  available  phase  diagreims.  In  this  region  a  correlation 
with  available  phase  diagrams  may  be  expected. 

Along  the  path  toward  equilibrium,  metastable  states  may  exist 
where  atoms  can  be  arrested.  Without  sufficient  thermal  energy  to 
provide  mobility,  the  system  may  be  frozen  in  these  metastable  states 
and  form  metastable  phases.  If  a  correlation  between  ion-induced 
reactions  and  phase  diagrams  exists,  it  appears,  then,  that  this 
correlation  should  result  from  effects  that  take  place  during  the 
relaxtion  of  the  system  after  the  primary  impact  (delayed  effects) . 


In  the  following,  we  shall  excunine  if  indeed  there  is  experimental 
evidence  to  indicate  that  ion-induced  reactions  between  two  elements 
can  be  correlated  to  the  commonly  available  binary  phase  diagrams 
of  the  system  in  question. 

II.  Scunple  Configuration  for  Ion  Mixing  Experiments 


In  general,  three  types  of  sample  configurations  have  been  used 
to  investigate  ion  mixing:  (1)  bilayered  scimples,  where  a  thin  film 
is  deposited  onto  a  substrate.  At  the  early  stages  of  ion  irradiation, 
there  is  basically  an  unlimited  supply  of  the  top  layer  material  and 
of  the  substrate  material  to  interact  and  form  a  mixture.  Under  the 
conditions  of  unlimited  supply  of  both  components,  there  is  a 
possibility  for  the  mixed  region  to  seek  a  preferred  composition 
during  the  delayed  phase  of  the  mixing  process;  (2)  multilayered 
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samples,  where  interposing  thin  films  100  A)  of  component  A  and  B 
are  deposited  onto  an  inert  substrate  (e.g.  Si02  or  sapphire) .  The 
average  and  final  composition  of  the  Scunple  in  this  case  is  fixed, 
barring  sputtering  effects.  These  samples  are  sometimes  referred  to  as 
having  a  limited  supply  configuration;  (3)  thin  marker  samples, 
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where  a  very  thin  marker  10  A)  is  imbedded  in  a  matrix  of  host 
atoms.  The  first  type  of  samples  (bilayered,  unlimited  supply)  are 
usually  used  to  compare  ion-induced  reactions  with  thin-film  reactions 
that  proceed  under  steady-state  annealing  conditions.  The  second 
type  of  samples  (multilayered,  limited  supply)  are  usually  used  to 
investigate  metastable  and  amorphous  phase  fozTnation  of  a  given 
composition.  The  third  type  of  samples  (thin  marker)  are  used  to 
investigate  the  basic  aspects  of  ion  mixing. 


The  presently  accepted  view  is  that  for  significant  mixing  to 
occ\ir  at  a  given  interface,  the  ions  must  have  sufficient  energy 
to  penetrate  that  interface. 

III.  The  Q-Curve 

In  ion  mixing  experiments,  it  is  often  observed,  especially 
in  compound  forming  systems,  that  the  amount  of  intermixing  has 
two  relatively  distinct  temperature  regimes.  At  low  irradiation 
temperatures,  the  mixing  is  insensitive  to  temperatvires;  above 
a  certain  transition  temper atiire ,  T^,  the  amount  of  mixing  increases 
exponentially  with  temperature [1,2] .  This  type  of  temperature 
dependence  is  particularly  convenient  to  observe  in  bilayered 
(unlimited  supply)  samples,  and  is  schematically  shown  in  Fig.  1 
(commonly  referred  to  as  a  Q-curve) .  This  behavior  can  be  interpreted 
as  follows:  at  low  temperatures,  the  mixing  is  dominated  by  basllistic 
processes  which  depend  mainly  on  the  energy  and  mass  of  the  colliding 
atoms.  These  processes  are  temperature  insensitive.  Atomic  distri¬ 
butions  that  are  nonuniform  as  a  function  of  distance  from  the 
interface  are  typical  for  this  mixing  process.  In  the  high  tempera¬ 
ture  regime,  the  displaced  atoms  have  enough  mobility  and  time  to 
migrate  and  relax  into  a  lower  free  energy  configuration  as  a  result 
of  a  chemical  driving  force.  In  this  temperature  regime,  constant 
atomic  concentration  profiles  are  often  observed  at  the  interface. 
Distinct  compounds  (if  present  in  the  phase  diagram)  form  there  due 
to  ion  mixing.  Although  most  of  the  saunples  are  analyzed  at  room 
temperature  hours  after  ion  irradiation,  it  is  believed  that  the 
low  temperature-mixed  layers  do  not  typically  relax  significantly 


upon  wanning  to  room  temperature  and  that  the  results  are  thus 
typical  of  atomic  distributions  that  have  been  extremely  rapidly 
quenched.  On  the  other  hand,  the  high  temperature-mixed  layers 
relax  substantially  due  to  delayed  effects.  Since  relaxation 
leads  to  equilibrium,  a  correlation  between  ion  mixing  and  phase 
diagrams  should  be  strongest  in  the  thermally  activated  regime  of 
the  Q-curve. 

The  majority  of  the  systems  for  which  Q-curves  have  been  measured 
so  far  are  transition  metal/Si  systems [1,2 ,3] .  The  value  of  the 
transition  temperature,  T  ,  depends  on  the  system,  but  is  typically 
around  room  temperature.  The  details  of  the  Q-curve,  such  as  the 
temperature- independent  Q  value  and  the  activation  energy  in  the 
thermally  activated  regime,  also  depend  on  the  systems  considered 
and  on  the  irradiation  conditions.  Very  few  metal-metal  systems 
have  been  investigated  so  far,  but  the  available  evidence [4 ,5 ,6] 
seems  to  conform  to  the  general  behavior  of  the  Q-curves  found  for 
transition  metal/Si  system.  To  gain  a  general  picture,  additional 
experimental  results  on  metal-metal  systems  are  vey  much  needed. 


IV.  Correlation  Between  Steady-State  Annealing  and  Ion  Mixing 

The  formation  of  equilibrium  compounds  by  ion  mixing  at  room 
temperature  has  been  investigated  rather  extensively  in  silicide 
forming  systems  using  bilayered  structures.  The  results  are 
tabulated  in  Table  I.  The  ion-induced  silicide  foirmation  characteris 
tics  can  be  compared  with  those  obtained  by  thermal  steady-state 
annealing.  The  results  of  silicide  formation  by  thermal  annealing 
are  well-documented [7]  and  summarized  in  Table  I  also.  It  can  be 
clearly  seen  from  Table  I  that  the  first  silicide  phase  induced  by 


ion  mixing  in  unlimited  supply  samples  is  the  same  as  that  obtained 
by  thermal  annealing.  Although  some  of  the  layers  that  were  ion 
mixed  at  R.T.  do  not  exhibit  a  distinct  crystal  structure  due  to 
weak  x-ray  diffraction  patterns,  the  composition  of  the  mixed  layer 
deduced  by  backscattering  is  invariably  the  same  as  that  obtained 
by  thermal  annealing.  As  the  temperature  of  irradiation  is  increased 
to  above  R.T.,  the  crystal  structure  of  the  phase  can  be  identified 
even  in  those  cases  as  being  the  scutie  as  that  obtained  by  thermal 
annealing[8,9] .  If  we  assume  that  ion  mixing  at  room  temperature  is 
in  the  thermally  activated  regime  of  the  Q-curve  for  all  systems 
studied,  we  can  conclude  that  there  is  a  direct  one-to-one 
correlation  between  thermal  annealing  and  ion-mixing  in  the  thermally 
activated  regime,  at  least  in  silicide  forming  systems.  This  being 
so,  searching  for  a  correlation  between  ion  mixing  and  phase  diagrams 
amounts  to  correlating  the  silicide  formation  by  thermal  annealing 
to  phase  diagrams.  Such  a  correlation  has  indeed  been  established. 

The  correlation  between  the  first  silicide  phase  observed  upon 
thermal  annealing  of  a  bilayer  seunple  and  the  phase  diagram  was  first 
proposed  by  Walser  and  Bend [10].  Their  rule  states  that  the  first 
silicide  to  grow  upon  thermal  annealing  of  a  bilayered  sample  is 
the  highest  congruently  melting  compound  next  to  the  lowest-melting 
eutectic  in  the  phase  diagreun  (for  example,  Ni2Si  in  the  Ni-Si 
system,  or  Pd2Si  in  the  Fd-Si  system) .  This  correlation  is  about 
80-90%  accurate  in  predicting  the  first  phase [7].  Based  on  this 
correlation,  we  can  thus  state  that  the  first  phase  induced  by  ion 
mixing  in  unlimited  supply  samples  is  the  highest  congruently  melting 
compound  next  to  the  lowest  eutectic  in  the  phase  diagram,  provided 


that  ion  mixing  is  performed  in  the  thermally  activated  regime  of 
the  Q-curve. 


Although  this  rule  is  quite  successful  in  correlating  ion- 
induced  silicide  formation  with  phase  diagreuns,  it  is  not  clear  if 
such  a  correlation  also  exists  in  bilayered  metal-metal  systems. 

Few  ion  mixing  experiments  have  so  far  been  performed  on  metallic 
bilayers.  Furthermore,  thermal  annealing  of  such  samples  frequently 
induces  laterally  nonuniform  reactions [11] .  More  work  is  required 
in  this  area  to  clarify  the  issue. 

V.  Amorphous  Alloy  Formation  and  Phase  Diaqrcuns 

It  has  long  been  recognized  that  alloys  having  compositions 
near  deep  eutectics  in  a  binary  phase  diagram  have  enhanced  glass¬ 
forming  ability  by  quenching  techniques [12 ,13] .  This  type  of  phase 
diagram  is  schematically  illustrated  in  Fig.  2,  where  the  A-rich  side 
of  the  A-B  diagram  is  shown,  \4hen  ideal  solution  theory  is  applied 
to  calculate  the  liquidus  curve,  the  dashed  line  results.  Experi¬ 
mentally,  however,  the  liquidus  curve  bends  down  to  much  lower 
temperatures  around  the  eutectic  composition  (see  Fig.  2) .  This 
deviation  from  ideal  solution  behavior  is  explained  in  terms  of 

enthalpy  of  mixing  of  the  system,  with  AH®  (heat  of  mixing  in 
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the  solid  solution)  >  AH^  (heat  of  mixing  in  the  liquid  solution) [14] . 
s  % 

Since  AH„  is  larger  than  AH  ,  it  is  possible  that  the  structure  of 
m  ^  m 

the  eutectic  liquid  near  the  eutectic  temperature  consists  of  two 
distinct  types  of  clusters  which  are  microscopically  bifurcated  into 
local  regions  with  dimensions  of  a  few  atomic  distances.  In  the 


eutectic  liquid  just  above  the  eutectic  temperature,  one  might 
expect  to  find  that  A-rich  regions  have  the  short  range  order  of 
solid  A  interspersed  with  B-rich  regions  having  the  short  range 
order  of  solid  B.  The  atoms  surrounding  these  two  types  of  local 
regions  are  considered  to  be  liquid-like  and  to  retain  a  sub¬ 
stantial  entropy  of  mixing,  provided  that  the  cluster  size  is  not 
too  large.  A  competition  exists  between  entropy  of  mixing  (which 
favors  small  clusters)  and  enthalpy  gained  by  bifurcation  (which 
favors  large  clusters) .  A  balance  between  these  two  factors  to 
minimize  the  free  energy  of  the  system  will  determine  the  optimum 
size  of  the  clusters.  If  this  bifurcated  liquid  is  rapidly  quenched 

below  the  glass  transition  temperature,  T  ,  a  glassy  alloy  will  be 
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produced. 

Previous  experimental  investigations  on  ion- induced  reactions 
using  multi-layered  samples  (limited  supply)  showed  that  ion  mixing 
is  well-suited  for  metastable  phase  formation  in  metal-metal  systems 
[1,15].  In  particular,  when  the  two  components  of  the  binary  system 
have  the  same  crystalline  structure,  but  exhibit  a  miscibility  gap 
in  the  phase  diagram,  supersaturated  solid  solutions  are  obtained 
upon  ion  mixing.  This  situation  is  illustrated  in  Fig.  3.  A 
schematic  phase  diagram  of  a  simple  eutectic  system  is  shown  in  the 
upper  portion  of  Fig.  3,  where  the  two  components  have  the  same 
crystal  structure  (for  example,  Ag-Cu,  f.c.c.  structure).  The  lower 
proportion  of  Fig.  3  shows  the  sequence  of  events  upon  ion  mixing 
(with,  say,  Xe  ions)  of  multilayered  samples  of  various  compositions. 
At  low-doses  (or  low  dpa  numbers) ,  the  multiple  layers  start  to  inter 
mix,  but  generally  with  little  or  no  metastable  phase  formation.  As 


doses  increase,  the  miscibility  gap  is  closed  and  a  roetastable 
crystalline  phase  (MX)  with  f.c.c.  structure  is  formed  across  the 
whole  range  of  the  miscibility  gap  with  imperceptible  traces 
of  non-crystalline  phases.  On  the  other  hand,  when  the  crystal 
structures  of  the  two  components  are  different  (say  f.c.c.  for 
component  A  and  b.c.c.  for  component  B) ,  a  tendency  to  form  cunorphous 
alloys  by  ion  mixing  can  clearly  be  detected  in  the  existing 
literature [1,15]. 

In  view  of  the  bifurcation  concept  discussed  previously  for 
an  eutectic  liquid,  one  is  led  to  speculate  that  ion  mixing  can  be 
profitably  used  to  produce  metallic  glasses  by  judiciously  selecting 
systems  with  the  guidance  of  binary  phase  diagrams.  In  order  to 
bifurcate  an  alloy,  it  is  desirable  to  choose  a  binary  system  with  a 
deep  eutectic  located  in  a  two-phase  region  where  the  phases  on  both 
sides  have  different  crystal  structures  (  a  condition  easily  met  in 
phase  diagreuns) .  This  concept  was  put  to  test  in  metal-metal  systems 
using  multilayered  scimples  with  fixed  overall  compositions  [16]  .  The 
binary  systems  and  compositions  were  chosen  according  to  the 
following  criteria;  (1)  the  two  constituent  elements  have  different 
crystal  structures;  (2)  the  composition  of  the  multilayered  samples 
is  fixed  near  a  deep  eutectic,  away  from  equilibrium  compounds  or 
pure  metals;  (3)  some  systems  were  chosen  to  have  almost  identical 
atomic  sizes  and  others  to  have  almost  identical  electronegativities , 
but  always  with  different  crystal  structures.  Xenon  ions  were  usually 
used  for  irradiation  because  of  the  high  efficiency  in  inducing  atomic 
mixing.  The  full  details  of  this  investigation  is  presented  here  in 
this  Conference  as  a  contributed  paper [16],  The  results  are  summarized 


here:  It  is  found  that  in  eight  metal-metal  binary  systems  with 

multilayered  sample  configuration,  irradiation  leads  to  uniform 
mixing  of  the  interposed  layers.  An  amorphous  alloy  is  formed 
in  every  case,  irrespective  of  the  atomic  size  and  the  electro¬ 
negativity  properties  of  the  constituents,  as  long  as  the  constituents 
have  different  crystal  structures.  Figure  4  shows  a  schematical 
phase  diagram  with  different  crystal  structures  of  the  elements 
and  the  sequence  of  events  as  a  function  of  dose  (or  dpa) .  Inter¬ 
mixing  of  the  two  phases  is  observed  at  relatively  low  doses  (<  2 
15  2 

X  10  Xe/cm  or  <  20  dpa) .  For  samples  with  compositions  near 
either  A  or  B,  extended  solid  solutions  a*  and  0'  with  structures 
identical  to  their  parent  phases  are  observed  at  increasing  doses 
(o'  has  the  structure  of  a,  0*  that  of  0) .  As  the  composition 
approaches  from  the  A  side  (f.c.c.  or  h.c.p.)  to  the  middle  of  the 
two-phase  region,  the  mixed  layer  (20  ^  dpa  <  50-100)  consists  of 
a  mixture  of  an  amorphous  phase  and  a  metastable  crystalline  phase 
of  h.c.p.  structure  (but  with  a  different  c/a  ratio  compared  to  that 
of  A  if  A  is  also  h.c.p.).  On  the  B  side,  a  mixture  of  an  cunorphous 
phase  and  0'  (b.c.c.)  is  observed  in  the  mixed  layer.  Increasing 

the  ion  dose  leads  to  complete  amorphization  of  the  mixed  layer  in 
a  composition  range  near  the  eutectic  composition.  At  even  higher 
doses,  the  amorphous  phase  may  dissociate  into  metastable  or 
equilibrium  phases,  possibly  due  to  ion-beam  demixing  effects[17]. 
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VI.  Thin  Marker  Experiments 

The  effects  of  ion  mixing  have  been  investigated  with 
thin  markers  in  a  number  of  systems [18 ,19 ,20 ,21] .  The  samples 

O 

generally  consist  of  a  thin  layer  of  impurity  10  A)  imbedded 

in  vacuum-deposited  Si.  Inert  gas  ions  were  irradiated  into 

the  sample  with  a  projected  range  exceeding  the  location  of  the 

thin  marker  in  the  matrix.  The  temperature  of  implantation 

ranged  from  'X'  80  to  523°K.  The  mixing  phenomenon  can  be 

investigated  by  the  spreading  (approximated  by  Gaussian  curves) 

and  the  shift  of  the  thin  marker  after  irradiation.  For  this 

discussion,  we  shall  concentrate  on  the  spreading  of  the  thin 

markers  only.  It  was  found  that  the  spreadings  after  irradiation 

at  low  temperatures  for  an  elemental  markers  such  as  Ni,  Ge,  Sn, 

Ab,  Pt  and  Au  is  insensitive  to  the  mass  of  the  marker [19],  This 

observation  is  strong  evidence  that  the  spreading  is  due  primarily 

to  interactions  of  the  marker  atoms  with  atoms  in  the  matrix,  and 

not  with  the  incident  ions  themselves.  Figure  5  shows  1.5  MeV 
4  + 

He  backscattering  spectra  for  a  Sn  marker  before  and  after 

16  +  2 

irradiation  with  1  x  lo  Kr  /cm  of  220  keV  in  the  temperature- 
independent  regime [19].  As  the  irradiation  temperature  is 
increased  to  room  temperature  or  above,  marker  elements  that  do 
not  form  silicides  (such  as  Ge,  Sn,  Sb  and  Au)  exhibit  Gaussian 
profiles  up  to  523®K.  On  the  other  hand,  elements  that  form 
silicides  (Ni,  Pd  and  Pt)  exhibit  non-Gaussian  profiles,  suggesting 
a  reduction  in  the  efficiency  of  mixing  compared  to  that  obtained 
at  low  temperature  (see  Fig.  6) .  This  non-Gaussian  profile  can 
be  approximated  by  two  superimposed  Gaussian  profiles:  one  whose 


standard  deviation  is  broadened  by  the  irradiation,  and  another 

profile  that  is  altered  little.  These  mixing  characteristics 

of  silicide  forming  elemental  markers  (two  Gaussians  or  reduction 

in  efficiency  in  mixing)  can  be  interpreted  as  the  result  of 

some  compound  formation.  A  hypothetical  scenario  is  that  the 

effect  of  the  prompt  ballistic  mixing  is  to  initially  spread 

the  thin  marker.  However,  if  the  chemical  driving  force  is 

strong  enough  and  atomic  mobilities  are  sufficient,  a  compound 

may  form  during  the  relaxation  period  of  the  impact  (delayed 

processes) .  The  spreading  may  consequently  be  much  reduced  as 

a  thin  layer  of  silicide  would  form  with  portions  of  the  marker 

atoms.  Although  the  exact  nature  of  the  non-Gaussian  behavior 

requires  further  clarification,  particularly  with  TEM,  these 

marker  experiments  offer  ample  evidence  that  compound  formation 

(hence  phase  diagram)  plays  a  role  in  ion  mixing. 

As  the  thickness  of  a  silicide  forming  thin  marker  increases, 

the  mixing  efficiency  is  observed  to  increase  as  well.  For  a 

16  2 

Pt  marker  in  Si,  at  a  dose  of  2  x  lo  Xe/cm  at  300  keV  and 

O 

room  temperature,  the  effective  diffusion  length,  /5t  is  90  A 

o  o  o 

for  a  5  A  Pt  marker,  as  compared  to  180  A  for  a  30  A  Pt  marker 

in  Si[18,19].  As  the  Pt  increases  further  to  a  bilayer  configuration, 

an  even  thicker  Pt2Si  is  formed  after  a  relatively  low  dose  of 
15  2 

10  Xe/cm  .  This  observation  again  indicates  the  importance 
of  thermodynamical  forces  in  ion  mixing. 

The  influence  of  chemical  forces  is  also  evident  in  cases 
where  ion  mixing  is  observed  to  be  very  reduced.  It  has  been 
observed  that  binary  systems  with  very  limited  mutual  solubility 


in  both  the  solid  and  the  liquid  phase  (e.g.  Cu-W,  Ag-Ni) 
show  very  little  change  upon  irradiation  as  compared  to  other 
binary  systems [4 ,22] . 

VII.  Summary  Remarks 

When  faced  with  a  binary  phase  diagram,  we  can  at  this 
time  venture  some  guesses  on  the  characteristics  of  ion  mixing 
of  the  system  upon  inspection  of  the  phase  diagram: 

1)  For  completely  immiscible  systems  (for  example,  Cu-W) , 
ion  irradiation  does  not  tend  to  cause  significant 
intermixing,  even  if  the  samples  are  composed  of  thin 
interposed  layers. 

2)  In  systems  that  fom  compounds  or  solid  solutions,  ion 
irradiation  causes  efficient  intermixing. 

3)  For  transition  metal-Si  systems  and  unlimited  supply 
samples ,  the  first  phase  induced  by  ion  mixing  is  the 
same  as  that  obtained  by  steady-state  annealing.  Since 
the  first  phase  formed  by  thermal  annealing  is  related 
to  the  phase  diagreim  via  the  Walser-Bend  rule,  the  same 
rule  applies  to  ion  mixing  of  transition-metal  silicides. 

4)  For  metal-metal  systems  and  limited  supply  samples,  if 
the  two  constituents  of  the  system  have  the  same  cr^'Stal 
structure,  much  extended  solubility  from  either  side  of 
the  phase  diagreim  is  generally  expected. 

5)  For  metal-metal  systems  and  limited  supply  samples,  if 
the  two  constituents  of  the  system  have  different  crystal 
structures,  an  amorphous  alloy  is  obtained  upon  ion  mixing 


L3 


If  a  deep  eutectic  is  present  between  a  two->phase  region 
in  the  phase  diagram,  the  glass  forming  ability  of  the 
system  is  expected  to  increase  for  samples  with  compositions 
near  the  eutectic. 

6)  For  thin  marker  samples  where  a  thin  impurity  layer  is 

imbedded  in  a  Si  matrix,  the  spreading  of  silicide  forming 
markers  at  room  temperature  is  non-Gaussian ,  suggesting 
that  phase  formation  may  occur  upon  ion  mixing,  whereas 
non-compound  forming  markers  exhibit  Gaussian  profiles 
after  ion  mixing. 

Although  the  correlation  between  phase  diagrams  and  ion  mixing 
is  evident,  there  are  many  unanswered  questions.  For  example: 

1)  For  the  case  of  metal-metal  systems  and  unlimited  supply 
samples  case,  the  phase  induced  by  ion  mixing  is  not  always 
the  Scime  as  that  obtained  by  thermal  annealing.  There  are 
only  a  few  metal-metal  systems  investigated,  and  only  one 
system  (Ni/Al) [1]  gives  the  same  phase  by  either  ion  mixing 
or  thermal  annealing.  An  extensive  and  systematic  study 

of  metal-metal  systems  are  needed. 

2)  For  the  case  of  metal-metal  systems  and  limited  supply 
samples,  no  compound  formation  has  been  detected  even  at 
very  low  doses  although  phase  diagrams  indicate  the 
presence  of  phases.  As  the  dose  increases,  either  solid 
solution  forms  or  amorphous  alloy  is  obtained,  depending 
on  the  crystal  structure  of  the  constituents.  It  is  not 
clear  at  present  why  equilibrium  phases  are  not  observed 
by  ion  mixing  in  limited  supply  cases. 


3)  Certain  simple  eutectic  systems  such  as  Ge-Au[31]  and 


Si-Au[31]  mix  efficiently  and  uniformly,  however,  others 
such  as  Si-Ag[31,32]  and  Ge-Al[31]  tend  not  to  mix.  All 
four  systems  have  very  similar  phase  diagrams.  Therefore, 
the  difference  in  mixing  characteristics  cannot  always  be 
interpreted  in  terms  of  phase  diagrams. 

4)  In  the  formation  of  eimorphous  phase,  there  is  no  clear 

picture  of  how  bifurcation  takes  place  (if  at  all)  during 
ion  mixing.  The  basic  issue  is  how  to  model  the  ion 
mixing  process  and  the  subsequent  relaxation  in  the 
delayed  regime.  Quite  evidently,  much  more  work  is 
needed  to  put  the  correlation  between  ion  mixing  and 
phase  diagrams  on  a  solid  basis. 
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Figure  1 


Figure  2 
Figure  3 


Figure  4 


Schematic  Q-curve,  where  the  amount  of  mixing  per 
incident  ion  is  plotted  against  the  reciprocal 
absolute  temperature  of  irradiation.  This  type  of 
mixing  behavior  is  typically  observed  for  bilayered 
saunples  of  silicide  forming  systems. 

A  schematic  A-B  phase  diagram  near  the  A  side. 

Schematic  eutectic  phase  diagram  (upper  diagreim)  of 
two  constituents  with  the  same  crystal  structure 
(f.c.c.).  The  lower  schematic  diagram  shows  the 
sequence  of  events  during  ion  mixing  as  a  function  of 
dose  or  dpa  number  (typical  values) .  Only  a  metastable 
crystalline  phase  (MX)  is  formed  in  this  case.  The 
crystal  structure  of  MX  is  the  same  as  that  of  the 
parent  phases. 

Schematic  eutectic  phase  diagram  (upper  diagram)  of 
two  constituents  with  different  crystal  structures. 

The  structure  of  A  is  either  f.c.c.  or  h.c.p.  and 
the  structure  B  is  b.c.c..  The  lower  diagram  shows 
the  sequence  of  events  as  a  function  of  dose  or  dpa 
number.  At  medium  dose,  extended  solid  solutions 
(a'  and  6')  are  obtained  from  both  sides  of  the  phase 
diagram.  As  the  composition  approaches  the  middle 
of  the  two-phase  region  from  the  A  side,  a  mixture  of 
an  amorphous  phase  and  a  metastable  crystalline  phase 


Figure  Captions  (continued) 


Figure  5 


Figure  6 


(MX,  h.c.p.)  is  obtained.  Approaching  the  middle 
of  the  two-phase  region  from  the  B  side,  a  mixture 
of  an  amorphous  phase  and  S'  is  obtained.  At  higher 
dose,  an  eunorphous  phase  is  obtained  at  compositions 
near  the  eutectic.  The  amorphous  phase  may  dissociate 
upon  further  irradiation. 

4  + 

1.5  MeV  He  backscattering  spectra  of  a  very  thin 

O 

('^'  10  A)  Sn  marker  imbedded  in  an  amorphous  Si  matrix 

before  (a)  and  after  (b)  irradiation  with  220  keV 

+  1.6  2 

Kr  ions  to  a  dose  of  1  x  lo  ions /cm  .  The  result 

is  typical  for  irradiation  temperatures  ranging  from 

96  to  523®K.  The  fitted  curves  are  Gaussians  [from 

Ref.  19] . 

4  + 

1.5  MeV  He  backscattering  spectra  of  a  very  thin 

O 

(‘^'  10  A)  Pd  marker  imbedded  in  an  amorphous  Si  matrix 

before  (a)  and  after  irradiation  (b  to  d)  with  220  keV 

^  16  2 

Kr  ions  to  a  dose  of  1  x  lo  •  ions /cm  at  three 

different  temperatures.  Only  the  marker  signal  of 

the  spectrum  is  shown  [from  Ref.  19] . 


Metal /Si 

Ions 

Compounds  Observed 

Phase  Formed 
by  Thermal 
Annealing 

Reference 

Composition 

1  Phase 

1 

Ti/Si 

TijSlj 

1 

TiSi2 

23 

Ti/Si 

Ar‘‘‘,Kr‘*', 

Xe+ 

'\'TiSi2 

1 

1 

1 

TiSi2 

3 

V/Si 

Xe+ 

WSi2 

1 

1 

1 

VSi2 

3 

Cr/Si 

Ar‘'’,Kr''‘, 

Xe+ 

'^'CrSi2 

1 

1 

1 
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CrSi2 

24 

Fe/Si 

_  +  _  + 
Ar  ,Kr  , 

Xe+ 

%FeSi 

1 
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FeSi 

9 

Co/Si 
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Ar  ,Kr  , 
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1  C02Si* 
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Ni/Si 
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1  Ni2Si* 
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Ni2Si 
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Ar'*’ 

NbSi2 

1  NbSi2** 
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Si"^ 

NbSi2 
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NbSi2 
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}  Nb5Si3tt 

NbSi2 
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Pd/Si 
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Xe+ 

Pd2Si 

1 

}  Pd2Si 

1 

Pd2Si 

24,27,28 

Hf/Si 

Ar^,Kr'*^, 
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1  _ 
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HfSi 
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Pt/Si 
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W/Mo/Si 
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WSi2/MoSi2 
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WSi2/MoSi2 

29 

Mo /Si 

-  +  _  + 
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MoSi2 
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_  +  _  + 
As  ,Ge 

NbSi2 
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1 

1 

1 

1 

NbSi- 

— 

29 
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REMARKS: 


*  »  weak  crystalline  reflection. 

**  »  phase  observed  for  samples  irradiated  at  300 *C 

-  =  reflections  too  weak  to  be  identified. 


t  =  irradiation  temperature  300  “C. 

tt  =  irradiation  temperature  113“C. 


Multilayered  A+B 
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Abstract 

A  new  technique  is  presented  for  determining  directly  the  beam  energy  of 
an  accelerator  to  within  2  keV.  This  technique  uses  the  conventional 
Backscattering  Spectrometry  (BS)  setup,  i.e.  Si  surface  barrier  detector  and 
electronics  along  with  a  multichannel  analyzer.  Two  measurements  are 
required.  The  first  is  a  BS  measurement  of  a  standard  calibration  sample, 
e.g.  5  A  of  Fe*W  alloy  deposited  on  Si02.  This  data  defines  two  linear 
equations  that  relate  the  energy  per  channel  m  and  the  energy  intercept  b  of 
the  system  to  the  beam  energy  Ej.  The  second  measurement  is  of  some 
positive-Q  nuclear  reaction,  e.g.  ^^N(p,  a)^^C,  Q  =  4.965  MeV.  By  writing  the 
energy  of  the  outgoing  particle  as  a  Taylor  series  about  some  initial  energy 
guess  and  keeping  terms  to  first  order,  we  obtain  a  third  linear  equation 
relating  m,  b  and  E^.  A  positive  Q  nuclear  reaction  is  required  to  prevent 
these  three  equations  from  being  homogeneous.  These  equations  can  be  solved 
iteratively  for  Ej  along  with  m  and  b.  This  technique  has  the  advantage  that 
it  can  be  readily  applied  at  essentially  any  energy  between  0.5  and  3  MeV.  By 
contrast,  only  a  small  number  of  suitable  resonances  exist  in  this  energy 


range. 


1.  Introduction 


In  recent  years  there  has  been  an  increased  interest  in  ion  beam  analysis 

techniques,  notably  Backscattering  Spectroscopy  (BS)  and  Nuclear  Reaction 

Analysis  (NRA).  These  techniques  have  become  very  important  in  thin  film  and 

other  studies  since  they  offer  good  sensitivity  and  resolution,  are  relatively 

nondestructive  and  provide  direct,  rather  than  relative  measurement  of 

elemental  depth  profiles.  Due  to  this  increased  interest,  many  groups  are 

adding  a  BS  capability  to  their  laboratories,  some  by  adapting  low  energy 

accelerators  formerly  used  in  nuclear  physics  studies  to  BS  work,  and  others 

by  acquiring  one  of  the  newer  relatively  inexpensive  and  small  accelerators 

being  marketed  especially  for  BS  work  [1,2],  For  BS  and  NRA  work,  the  primary 

or  incident  beam  energy  must  be  accurately  known  and  therefore  these 

accelerators  must  be  calibrated  periodically.  The  usual  technique  for 

accelerator  calibration  uses  narrow  nuclear  reaction  resonances  such  as 
27  28 

A£(p,y}  Si  at  991.9  keV  proton  energy  [3]  to  establish  known  energy  points 
[3].  The  energy  is  then  interpolated  between  these  points. 

For  energies  below  2  to  3  MeV  only  a  few  of  these  resonances  exist  and 
therefore  the  calibration  of  the  entire  energy  range  of  the  accelerator  may 
rely  on  only  2  or  3  points.  In  this  paper  we  present  an  alternative 
accelerator  calibration  scheme,  using  nonresonant  nuclear  reactions  whereby 
nearly  any  energy  may  be  measured.  An  additional  advantage  is  that  only  the 
usual  BS  setup  (Si  surface  barrier  detector,  multichannel  analyzer,  etc.)  is 
required. 
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2.  Theory 

The  nonresonant  nuclear  reaction  calibration  technique  (NRC)  is  an 
extension  of  the  usual  BS  energy  calibration  procedure.  In  that  procedure  a 
BS  measurement  is  made  of  a  calibration  sample  consisting  of  a  thin  multi¬ 
element  layer,  e.g.  -  5  A  of  Fe-W  alloy  deposited  on  Si02.  From  the  known 
masses  of  these  elements,  and  system  scattering  angle,  the  energy  of  atoms 
backscattered  from  each  element  can  be  related  to  the  beam  energy  Ej^  using 


where 


E^  =  E^  B[Cos  0  +  (D/B  -  (Sin  0)2) 


®  “  (Ml  +  M2)  (M3  +  M4)  (e^^ 


Ey  »  El  +  Q 

Q  =  (Ml  +  Mg  -  M3  -  M4)  c2 
Ml  a  Mass  of  incoming  atom 
Mg  =  Mass  of  target  atom 
M3  a  Mass  of  heavy  (recoil)  atom 
M4  a  Mass  of  light  (scattered)  atom 
0  a  angle  of  the  outgoing  (scattered)  atom  in 
the  lab.  frame 
c  a  speed  of  light 


(1) 


This  is  the  usual  kinematical  formula  derived  in  nuclear  phaysics  texts 
[3,4].  For  an  elastic  collision  as  in  BS,  Q  =  0  and  eq.(l)  becomes 
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(2) 


^3  “  TFq  ®  ((M2/Mi)2  -  (Sin  0)2)  V2]2 

Thus,  for  an  elastic  collision  Ej/Ej^  is  a  constant  depending  only  on  the 
atomic  masses  and  the  scattering  angle.  This  constant  is  usually  called  K  for 
“kinematic  factor".  Hence  for  a  two  element  Mjj  calibration  sample  we 
obtain 

E3a(Ei)  =  mX^  +  b  =  (3) 

^3b^^P  ®  "’^b 

where  ^3i»  ^i  and  are  the  energy,  channel  number  and  kinematic  factor  for 
backscattering  from  element  i,  m  is  the  energy  per  channel  and  b  is  the  energy 
intercept  (i.e.  the  energy  at  channel  zero)  of  the  pulse  height  analysis 
system.  If  E^  is  known,  these  equations  can  be  solved  for  m  and  b.  If  more 
elements  are  present  than  just  two,  as  is  usually  the  case,  m  and  b  can  be 
calculated  from  the  least  squares  fit  [5]. 

If  Ej  is  not  known  and  is  to  be  determined,  we  must  obtain  a  third 
equation  relating  Ej^  to  m  and  b.  This  equation  should  also  be  of  the  form 
E3c(Ei)  =  m  Xj.  +  b.  Thus  we  seek  to  solve 

mX^  +  b  -  KgEi  =  0 

mXfj  +  b  -  K^ti  »  0  (4) 

mX^  +  b  -  E2^(E2)  =  0 

This  third  equation  cannot  be  homogeneous  if  the  set  is  to  have  a  unique 
solution.  If  we  expand  E3  in  a  Taylor  series  about  some  energy  guess  Eq  we 
obtain,  keeping  terms  to  first  order; 
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(5) 


Then  using 


we  have: 


^3(^1)  -  E3(Eo>  *  IeT  (Ei  -  Eo) 

^0 


mX^  +  b  -  E3j(Ei)  =  0 


"”‘c  ‘  E,  =  E3^(E„)  -  ^  E„ 

O  ^0 


(6) 

(7) 


Equation  (7)  and  hence  eq.(6)  is  nonhomogeneous  as  long  as 

^3c(^o)  ^  ^0*  Differentiating  eq.(l)  with  respect  to  we  obtain: 

^  ^0 


^  -  17  '"48/M3  ^  D)  (1  .  /E^B/Ej  cos  e) 


-1 


(8) 


3^3 

We  require  that  E3j.(Eq)  or  equivalently:  0  0 

^  ^0 


Thus  our  third  equation  must  come  from  measurement  of  a  nuclear  reaction  and 
cannot  come  from  further  BS  measurements.  The  set  of  equations  (4)  then 
uniquely  determine  m,  b  and  E^. 

In  principle  the  problem  is  now  solved.  However,  in  practice  two  changes 
are  made.  The  first  is  to  replace  eq.  (6)  with  eq.  (7).  This  makes  the 
set  (4)  linear.  E^  is  then  easily  found,  but  now  depends  on  Eg.  To  obtain 
the  final  solution  for  E^  we  iterate  between  Ej  and  Eq  until  E^  =  Eq.  The 
second  change  results  from  using  a  calibration  sample  that  t.as  more  than  two 
elements  to  improve  accuracy.  Thus,  the  first  two  equations  in  (4)  are 
replaced  by  a  set  of  three  or  more.  We  then  divide  this  set  by  Ej^  to  obtain  a 
set  of  linear  equations  for  new  variables  m'  =  m/E^  and  b'  =  b/E^.  The 
variables  m'  and  b'  are  then  determined  by  a  linear  least  squares  fit.  Thus 
we  have  finally: 
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As  dEj/dE3  is  a  slowly  varying  function  of  E^  only  a  few  iterations  between  E^ 
and  Eq  are  usually  required  to  obtain  Ej  to  within  «  1  keV  of  its  final 
value. 
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3.  Experimental 

The  experiment  consists  of  calibrating  the  accelerator  at  991.9  keV  using 
the  standard  (p,  y)  ^85^  resonance  technique  and  then  using  the  NRC 
technique  to  independently  measure  this  beam  energy.  The  sample  for  the  first 
part  consists  of  -2000  A  of  M  evaporated  onto  a  polished  Si  substrate.  This 
sample  was  mounted  on  the  rear  wall  of  our  BS  target  chamber  to  minimize  the 
distance  between  the  photon  detector  and  sample.  This  improves  the  y-ray 
collection  efficiency  by  increasing  the  solid  angle  subtended  by  the  photon 
detector.  The  photon  detector  is  a  standard  2"  x  2"  Nal  (Tl)  crystal  with 
photomultiplier  tube  combination,  using  a  homemade  preamplifier.  The  main 
amplifier  is  an  ORTEC  572,  the  multi-channel  analyzer  is  a  Tracor-Northern 
1710  with  100  MHz  ADC,  each  with  <  .05%  integral  nonlinearity. 

The  accelerator  used  in  this  study  is  a  homemade  3  MV  single  ended  Van  de 
Graaff  located  in  the  Kellogg  Radiation  Laboratory  of  the  California  Institute 
of  Technology.  The  beam  energy  Is  selected  using  a  double  focusing  90° 
analyzing  magnet.  Energy  stability  is  derived  from  feedback  from  the  beam 
current  incident  on  the  beam-defining  slits.  The  magnetic  field  of  the 
analyzing  magnet  and  hence  the  beam  energy  is  determined  using  a  Hall  effect 
measurement.  This  Hall  voltage  is  given  by  V  (mV)  =  50.913  x  +0.940  where 
X  =  /ME  M  in  amu,  E  in  MeV. 

To  locate  the  991.9  keV  resonance,  first  a  y-ray  energy  window  from  2090 
keV  to  11830  keV  was  set,  then  the  accelerator  was  set  for  H2  and  the  energy 
was  scanned  discretely,  collecting  y-ray  spectra  for  24  yC  of  integrated  beam 
charge  per  energy  step  over  the  resonance.  The  total  number  of  y-rays  within 
the  window  was  plotted  against  the  Hall  voltage  and  the  position  of  the  half¬ 
height  of  the  low  energy  step  was  taken  to  be  991.9  keV/atom. 
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It  has  been  found  that  the  use  of  H2  rather  than  H'*'  In  the 
27  28 

A1(p,y)  SI  resonance  at  991.9  keV  results  in  some  broadening  («2  keV)  and 
In  a  slight  shift  («0.5  keV)  to  lower  energies  of  the  gamma>ray  yield  curve 

[6-8]^  However,  since  the  energy  spread  of  our  beam  is  known  to  be  rather 
large  (•?  keV)  we  have  neglected  these  corrections  in  this  study. 

For  the  NRC  phase  two  samples  are  required.  For  the  BS  part  we  used 
a  <  5  A  Fe-U  alloy  layer  sputtered  onto  an  oxidized  Si  wafer.  The  surface 
positions  of  the  Si  and  0  along  with  the  Fe  and  W  signals  were  used  to  obtain 
m'  and  b*  along  with  the  standard  errors  of  m  and  b,  ar^  and  by  a  standard 

linear  least  squares  fit  [5].  For  the  positive  Q  nuclear  reaction  we  used 
^®N(p,  a)^^C  (Q  »  4.965  MeV)  as  this  reaction  has  substantial  yield  at 
991.9  keV  and  at  our  detector  angle  of  170®  [6].  W  was  reactively  sputtered 
in  an  ambient  to  deposit  <  100  A  of  W^^N2  onto  a  polished  Si  substrate 
for  this  sample. 

The  particle  detector  is  a  standard  ORTEC  BA-014-025-100  Si  surface 
barrier  detector.  The  preamplifier,  an  ORTEC  124A,  has  <  .05%  integral 
nonlinearity.  The  rest  of  the  electronics  is  unchanged.  The  accelerator  was 
set  to  1984  keV  as  determined  using  the  ^^At(p,  T)^^Si 
part  of  the  experiment. 


resonance  for  this 


3.  Experimental 


The  experiment  consists  of  calibrating  the  accelerator  at  991.9  keV  using 
the  standard  (p,  y)  ^^Sl  resonance  technique  and  then  using  the  NRC 
technique  to  Independently  measure  this  beam  energy.  The  sample  for  the  first 
part  consists  of  -EOOO  A  of  Ai  evaporated  onto  a  polished  SI  substrate.  This 
sample  was  mounted  on  the  rear  wall  of  our  BS  target  chamber  to  minimize  the 
distance  between  the  photon  detector  and  sample.  This  Improves  the  y-ray 
collection  efficiency  by  Increasing  the  solid  angle  subtended  by  the  photon 
detector.  The  photon  detector  Is  a  standard  2“  x  2"  Nal  (Tl)  crystal  with 
photomultiplier  tube  combination,  using  a  homemade  preamplifier.  The  main 
amplifier  Is  an  ORTEC  572,  the  multi-channel  analyzer  Is  a  Tracor-Northern 
1710  with  100  MHz  AOC,  each  with  <  .05%  Integral  nonlinearity. 

The  accelerator  used  In  this  study  Is  a  homemade  3  MV  single  ended  Van  de 
Graaff  located  In  the  Kellogg  Radiation  Laboratory  of  the  California  Institute 
of  Technology.  The  beam  energy  Is  selected  using  a  double  focusing  90° 
analyzing  magnet.  Energy  stability  Is  derived  from  feedback  from  the  beam 
current  Incident  on  the  beam-defining  slits.  The  magnetic  field  of  the 
analyzing  magnet  and  hence  the  beam  energy  Is  determined  using  a  Hall  effect 
measurement.  This  Hall  voltage  is  given  by  V  (mV)  »  50.913  x  +0.940  where 
X  ■  ^  M  In  amu,  E  In  MeV. 

To  locate  the  991.9  keV  resonance,  first  a  y-ray  energy  window  from  2090 
keV  to  11830  keV  was  set,  then  the  accelerator  was  set  for  H^  and  the  energy 
was  scanned  dl5,cretely,  collecting  y-ray  spectra  for  24  uC  of  integrated  beam 
charge  per  energy  step  over  the  resonance.  The  total  number  of  y-rays  within 
the  window  was  plotted  against  the  Hall  voltage  and  the  position  of  the  half¬ 
height  of  the  low  energy  step  was  taken  to  be  991.9  keV/atom. 
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4.  Results  and  Discussion 

Figure  1  shows  a  plot  of  the  total  number  of  Y-rays  between  2090  and 
11830  keV  detected  versus  Hall  voltage  for  the  Y)^®Si  reaction.  The 

Incident  beam  Is  H2  and  the  Integrated  charge  per  point  Is  24  uC.  The 
Y-ray  yield  begins  to  Increase  at  about  105.00  mV  and  reaches  maximum  at 
about  105.2  mV.  The  half  height  occurs  at  105.12  mV  which  corresponds  to 
991.9  keV/atom.  Using  the  previous  energy  calibration  these  points  were 
chosen  to  be  •!  keV  apart.  Thus,  since  the  width  of  the  resonance  Is 
negligible  [3],  the  fluctuations  of  the  beam  energy  are  <  6  keV  p-p. 

Figure  2  shows  a  composite  BS  spectra  of  the  Fe-U/S102  calibration  sample 

15  12 

and  the  a-particle  signal  from  the  N(p,a)  C  nuclear  reaction.  The  channel 
number  corresponding  to  the  surface  energy  of  each  element  and  the  K  factor 
(In  parentheses)  are  also  shown.  The  beam  energy  Is  that  previously 
Identified  as  991.9  keV/atom  and  the  beam  Is  H2.  The  least  squares  fit  to  the 
elastic  BS  data  gives  m  «  4.8567  x  lO'^E^,  b  >  6.4518  x  lO'^E^  with  the 
standard  error  of  m  «  6.80  x  10'^  E^  and  the  standard  error  of  b  «  1.24 
X  10'^  Ej.  Beginning  with  an  Initial  energy  guess  Eg  ■  800  keV  and  using  eq. 
(9)  we  obtain  successively  Ej  ■  990,4,  991.0,  991.0  keV.  Thus,  convergence  Is 
quite  rapid  and  we  have  finally  E^  «  991.0  keV.  This  Is  quite  good  agreement 
with  the  ^^Al(p,  y)^®S1  result. 


From  eq.{9)  we  have  that  Ej  ■  Ej  (m,  b,  X^).  Thus,  we  have  [5]: 


“E,  1  aE,  1  3E,  1  3E, 

•  <17  ir)"  1.^  *  (t7  ie^)*  *  <17  aj;)"  "x; 


Taking  the  Indicated  derivative  and  using  the  numbers  from  the  last  section  we 


(-rl)2  -  2.44  X  10'®  +  1.23  X  10“^  +  3.32  x  10'^ 


or  Op  ■  1.69  keV.  Thus,  our  result  Is  within  the  expected  error.  The 
^1 

largest  contribution  to  the  error  comes  from  the  determination  of  m,  since 

o  /m  «  0.14%  as  compared  with  ou  /E,  «  0.17%.  Since  the  mass  separation  for 
in  X 

6S  with  protons  Is  so  poor  adding  more  elements  to  the  calibration  sample  may 
not  Improve  the  determination  of  m  due  to  over  lapping  of  signals.  Thus, 

•0.2%  may  represent  a  reasonable  limit  for  this  technique.  This  Is  quite  good 
enough  however,  for  routine  calibration  of  BS  machines. 
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6.  Conclusion 

A  new  technique  for  the  energy  calibration  of  an  accelerator  to  within 
2  keV  has  been  presented.  The  beam  energy  determined  by  this  technique  has 
been  shown  to  agree  very  well  with  that  determined  using  a  sharp  resonance. 

The  technique  can  employ  the  standard  backscatterl ng  setup.  It  has  the 
advantage  that  It  can  be  readily  applied  at  essentially  any  energy  between  0.5 
and  3  MeV.  By  contrast  only  a  small  number  of  suitable  resonances  exist  In 
this  energy  range. 
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Figure  Caotlons 


Figure  1 


Plot  of  Y-ray  yield  versus  Hall  voltage  for  the 
27  28 

At(p,  y)  Si  reaction.  The  Y-ray  energy  window  is 
2090  keV  <  E  o  <  11830  keV  with  24  uC  per  point.  105.12  mV 
corresponds  to  1984  keV 


Figure  2  A  composite  plot  of  the  BS  spectra  from  a  <  5  A  Fe-W  layer 

deposited  on  Si 02*  also  showing  the  a-part1cle  signal  from 
the  N(p,  o)  C  nuclear  reaction  for  a  beam  of  energy 
1984  keV.  The  position  of  each  element  is  shown  by  a 
vertical  arrow,  the  channel  number  by  the  adjacent 
horizontal  arrow  with  the  K  factor  given  in  parentheses 
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Abstract 

In  this  report  pulsed  laser  beam  and  ion  beam  induced  inte  .tions 
between  metals  and  semiconductors  are  summarized.  For  las  induced 
reactions,  emphasis  is  placed  on  the  condition  under  which  orphous 
alloys  can  be  formed.  Experimental  results  seem  to  sugges  '»t  the 
cooling  rate  necessary  to  quench  a  liquid  binary  mixture  i  '  glass 
state  is  highest  for  compositions  close  to  those  of  congrut  ..y  melting 
compounds.  For  ion  induced  reactions,  both  equilibrium  compound  and 
amorphous  alloy  formation  are  discussed.  The  phase  formation 
characteristics  of  these  two  techniques  are  compared. 

1. Introduction 

The  techniques  of  Rutherford  backscattering  come  directly  from  the  field 
of  lov/-energy  #uclear  physics.  In  principle,  energetic  ion  beams  in  the 
[range  of  a  few  hundred  keV  to  several  MeV  are  produced  in  the  accelerator 
and  analyzed,  magnetically  or  electrostatically  to  give  an  energetically 
*well  defined  beam  of  particles.  The  ions  are  then  passed  along  a  beam 
i  tube  through  collimating  apertures  to  the  target  chamber  (at  typical 
-pressures  of  ”10”®  to  10”'  torrs)  with  a  typical  beam  spot  size  of  the 
I  order  of  1  mm  in  diameter.  The  backscattered  particles  from  the  sample 
'are  energy  analyzed,  usually  with  a  surface  barrier  semiconductor 
I  detector.  The  energy  spectrum  (so  called  backscattering  spectrum) 
contains  chemical  information  as  a  function  of  depth  into  the  sample.  The 
typical  sampling  depth  by  MeV  ^He'*'  particles  is  about  1  un;  therefore, 
backscattering  spectrometry  is  well  suited  for  near  surface  chemical 
analysis.  When  channeling  and  blocking  techniques  are  used  in 
conjunction,  structure  as  well  as  lattice  location  can  be  investigated. 

For  further  information  on  these  techniques,  the  reader  is  referred  to  two 
books  (Chu  et  al.  1978,  Feldman  et  al.  1982)  devoted  to  the  subject  of 
backscattering  spectrometry.  The  advantages  of  using  backscattering 
spectrometry  to  beam  processed  semiconductors  come  from  the  fact  that 
(1)  the  probed  depth  is  commensurate  with  the  thickness  of  the  reacted 
layer  induced  by  beam  processing,  and  (ii)  backscattering  is  a  non- 
!  destructive,  convenient  and  fast  technique  for  depth  profiling  with  a 
:  typical  depth  resolution  of  300  A  for  most  solids.  Although 
I  backscattering  spectrometry  is  capable  of  structural  analysis,  for 
i  amorphous  phase  identification  diffraction  techniques  (such  as  x-rays  and 
-electron  diffraction)  are  necessary.— In  the  following,  we  give  examples 
■Of  backscattering  spectrometry  applied  to  the  analysis  of  beam  processed 
semiconductors.  The  focus  is  placed  in  the  area  of  metastable  and 
equilibrium  phase  formation  between  metals  and  Si. 


^Glass  Formation  by  Laser  Pul  se_ii2J-':^ 


[The  research  activity  of  raetastable  phase  formation  was  first  initiated  by 
-Pol  Ouwez  in  early  1960 -(Ouwez,  1967).  .Duwez  and  his  co-workers  obtained 
I  sol id  solubility  extension  and  new  metastable  crystalline  or  amorphous 
'phases  in  certain  binary  alloy  systems  by  rapid  cooling  from  the  liquid  to 
jthe  solid  state.  These  rapid  solidification  techniques  are  commonly  known 
ias  splat  cooling  techniques.  The  quenching  rate  of  splat  cooling 
generally  ranges  between  10^  and  10°  K/sec.  With  these  quenching  rates,  . 
Duwez  and  other  have  found  that  metastable  alloy  phases  can  be  formed  near 
^th^. eutectic  composiUoa  in  binary  systems  where  deep  eutectic  troughs  are 
ipr^ent.  In  Duwez 's~original  thinking,  metastable  phases  are  formed  as  a 
i result  of  "fooling"  the  atoms  by  freezing  them' into  unconventional 
{positions  by  rapid  cooling  from  the  liquid  state.  Subsequently,  Turnbull 
tand  others  (Cohen  and  Turnbull,  1961;  Davies  and  Lewis,  1975;  Sinha  et 
{al.,  1976)  have  dealt  with  the  theoretical  and  experimental  aspects  of 
{splat  cooling,  and  the  field  of  rapid  solidification  has  progressed  in  the 
I  interim  to  a  very  active,  well  documented  area  of  research. 


I  With  the  advent  of  oulsed  laser  processing  of  materials,  quenching  rates 
ion  the  order  of  10^^  K/sec  are  now  achievable.  These  much  faster  rates 
open  up  new  dimensions  for  the  formation  of  metastable  phases.  In  a 
typical  experiment,  the  sample  is  a  planar,  laterally  uniform  structure 
I  containing  some  distribution  of  two  elements  A  and  B  (typically  Si  and  a 
j metal)  as  a  function  of  depth.  The  sample  surface  is  heated  by  a  heat 
I  pulse  with  a  duration  in  the  range  10“^  to  10"®  sec.  Heat  flow  in  this 
i  time  regime  is  essentially  one-dimensional,  since  the  thickness  of  the 
heated  region  (on  the  order  of  micrometers  or  ’ess)  is  small  compared  to 
the  lateral  dimensions  of  both  the  sample  and  the  beam.  The  absorbed 
fluence  is  on  the  order  of  1  J/cm^,  enough  to  melt  several  100  nm  of  the 
sample  while 
creating  thermal 
gradients  in  the 
10®  to  10®  K/cm 
range.  The 
maximum  surface 
temperature  may 
exceed  the  ^ 

:  melting  point  by  £ 

several  100  K,  « 

but  it  should  ^ 

not  approach  the 
I  boiling  point. 

I  figure  1  shows  a 
!  one-dimensional  heat 
flow  calculation  for 
the  position  of  the  linie  (nsec) 

liquid-solid 
interface  as  a 

function  of  time.  Figure  1.  Calculated  melt  front  position  as  a 
L-The  film  is  ,  •,  ^^.functipn  of  time  in  a  laser-irradiated  5000-A  alloy 

["deposited  on"a~^'“^^ — f i lnron  top  of  an  inert  substrate.  The  three  curves 
I  substrate  of  much  result  from  different  assumptions  on  the  nature  of 
higher  melting  the  solidifying  phase,  as  explained  in  the  text, 

point.  (From  von  Allmen  et  al .  1981.) 


: For  this  particular  calculation,,  film  thickness  and  laser  pulse  duration 
were  chosen  to  be  SOO  nm  and  25  nsec,  respectively;  the  values  for 
conductivity,  specific  heat,  and  melting  heat  were  selected  to  be  about 
halfwaty  between  those  of  Si  and  those  of  Pt.  Since  the  function  of  the 
calculation  was  to  obtain  some  Insight  into  the  relevance  of  various 
parameters  (rather  than  to  obtain  accurate  temperature  values),  the 
melting  temperature  was  arbitrarily  set  at  lOOO^C.  For  the  substrate,  a 
constant  conductivity  k  of  0.24  W/(cm  K)  was  assumed.  The  three  different 
solidification  curves  In  Figure  I  result  from  three  different  assumptions 
about  the  solidification  process: 

Fof*~the “curve  labeled  "no  change",  the  same  values  for  transition 
temperature  and  latent  heat  as  for  melting  were  used.  This  corresponds  to 
the  case  of  an  elemental  sample  or,  alternatively,  to  recrystallization  of 
a  mixture  without  a  reaction  between  the  components. 

(II)  For  the  curve  labeled  "compound  formation",  the  latent  heat  for 
freezing  was  1.5  times  that  for  melting.  This  describes  a  case  in  which  a 
compound  is  formed  with  a  heat  of  formation  of  50%  of  the  average  melting 
heat  of  the  elements.  (The  corresponding  value  for  formation  of  PtSi 
would  be  46%;  see  Figure  5  for  the  Pt>Si  phase  diagram.)  Further,  the 

;  freezing  temperature  of  the  compound  was  set  at  800*^C.  The  consequence  of 
I  this  reduction  in  liquid-solid  interfacial  velocity  due  to  compound 
.  formation  Is  discussed  in  more  detail  later. 

(III)  For  the  curve  “glass  formation",  it  was  assumed  that  latent  heat 
of  two-thirds  of  the  melting  heat  was  liberated  upon  solidification.  The 
freezing  temperature  was  lOOO'^C  In  this  case.  (This  procedure  neglects 
the  presence  of  the  freezing  interval.) 

As  Is  evident' from  Figure  2,  rather  different  values  for  the  interface 
i  velocity  during  solidification  can  result  under  otherwise  identical 
1  conditions,  depending  on  the  thermodynamics  of  the  solidification 
process.  As  a  rule,  the  interface  velocity  is  roughly  proportional  to  the 
Inverse  of  the  total  latent  heat  liberated  at  the  interface  if  all  other 
parameters  are  left  unchanged. 

Processing  times  in  heat  pulse  annealing  are  usually  small  fractions  of  a 
second,  thereby  making  the  solid  state  diffusion  negligible.  However,  the 
atoms  in  the  melt  have  high  mobilities,  corresponding  to  diffusivities  on 
the  order  of  10"^  cm^/sec  as  compared  to  10”^  to  10“^^  cm^/sec  in  a 
solid.  This  allows  mass  transport  over  tens  of  nanometers  even  for  heat 
pulses  in  the  nanosecond  range,  and  composite  samples  will  necessarily 
undergo  redistribution  of  the  elements. 

The  diffusivities  D  in  liquids  depend  on  composition  as  well  as  on 
i  temperature,  but  generally  far  less  so  than  in  solids.  If  D  is  taken  to 
I  be  a  constant,  concentration  distributions  due  to  diffusion  in  the  melt 
;  can  be  readily  calculated. 

Figure  2  gives  concentration  distributions  for  three  different  initial 
;  sample  configurations  often  found  in  practice: 

;■  f: _ ■  i  TK‘  '  1^:1  riT  i  ■'> _  _ ; 

I  (1)  The  Gaussian  (describing  a  profile  obtained  by  ion  implantation  of 
I  a  dopant  6  in  a  semiconductor  A).. 

I  (1.1)  The  rectangular  distribution  (occurring  in  the  case  of  a  deposited 


pHLLlDiuiayer  B  on  top  of -a  substrate  A). 

J  (111)  The  square  wave  profile  (describing  a  multilayer  of  alternating 
u.,.  ,  deposited  films  of  A  and  B). 

Cases  (11)  and  (111)  will  also  be  referred  to  as  "unlimited  supply"  and 
"limited  supply"  of  the  elei>,-rt  A,  respectively. 

It  can  be  seen  that  the  Initial  concentration  peaks  are  broadened  by  an 
amount  of  approximately  2i'lDir|.  For  more  accurate  calculations,  t^  Is 
allowed  to  vary  within  the  molten  layer  as  a  function  of  depth,  taking 
Into  account  the  finite  velocity  of  the  11qu1d>so11d  Interface  (Lau  et 
a1 .  197jJj .  ;  tvpe  am  n  :,,r  ' ' 

j 

I  As  the  conditions  governing  heat  flow  during  melting  establish  a  boundary 
i  condition  for  atomic  diffusion  (via  the  duration  of  existence  of  the 
melt),  the  latter.  In  turn,  results  In  an  Initial  condition  for 
I  solidification: 

■  It  defines  the  - 

j  local  thermo- 
physical 
properties 

:  (melting  point,  | 

!  latent  heat)  of  S 
i  the  molten  layer  | 
i  at  the  Instant  of  g 
solidification  and  ** 

‘  Influences  the 
:  structure  of  the 
solid,  as  well  as 
the  velocity  of  a^Kh  — 

the  1-s  Interface, 

.  as  demonstrated  In 

’  Figure  1.  Figure  2,  Calculated  diffusion  profiles  in  the 

melt  for  three  different  initial  concentration 
:  Experiments  on  profiles,  (a)  Gaussian  (as  produced  by  ion 

I  slllclde  and  implantation  of  an  impurity  Into  a  substrate). 

{  metastable  phase  (b)  Rectangular  profile  (vapor-deposited  thin 

formation  are  film),  (c)  Square  wave  profile  (alternating 

usually  based  on  multilayer), 

sample  . 
configurations 
shown  In  Figure  2b 
and  2c. 

In  principle,  an  alloy  melt  can  be  cooled  too  fast  for  either  nucleatlon 
or  growth  to  take  place.  If  the  undercooling  is  great  enough,  the  melt 
'  will.  In  this  case,  retain  Its  structure  Indefinitely  and  be  called  a 
glass  (Turnbull,  1969).  The  question  then  Is,  what  cooling  rate  (or  what 
:  Interface  velocity)  Is  required  for  glass  formation  from  a  melt  of  given 
,  properties? 

I 

'  These  two  limiting  situations  (nucleatlon  and  growth  limited)  have  been 
analyzed  by  numerous  workers  and  are  summarized  recently  for  thin  film 
leases  by  Von  Allmen  and  Lau  (1982).  -In  the  following  we  will  discuss  two 
I  cases:  (1)  metal  semiconductor  eutectic  systems  (Au-Si  as  an  example)  and 
!.(11)  slllclde  forming  systems  (Pt-Sl  and  Pd-Si  as  examples). 


Figure  2.  Calculated  diffusion  profiles  in  the 
melt  for  three  different  initial  concentration 
profiles,  (a)  Gaussian  (as  produced  by  ion 
implantation  of  an  impurity  Into  a  substrate), 
(b)  Rectangular  profile  (vapor-deposited  thin 
film),  (c)  Square  wave  profile  (alternating 
multilayer). 


' 2il-Metal -Eutectic  Systems'^ 


^31  nee  the  first  demonstration  of  an  Au-Si  metallic  glass  made  by  splat 
icooling  in  1960,  a  multitude  of  metastable  phases  (amorphous  or 
crystalline)  have  been  obtained  by  rapid  quenching  of  the  melts.  With  the 
extremely  high  cooling  rate  made  available  by  short  laser  pulses,  it  was  a 
natural  consequence  to  investigate  the  glass-forming  characteristics  of 
classical  deep  eutectic  systems  under  laser  irradiation.  The 
configuration  of  a  metal  layer  deposited  on  a  seni conductor  substrate  is  . 
suitable  for  the  study  of  glass  formation  at  the  metal -semi conductor 
Interface  under  unlimited  supply  conditions.  Figure  3  shows  the 

schemati cs  and  _ 

backscattering  '-—r- _ h  i.swtvV* 

spectra  for  an  Au-  jc-  5,  s.  f'v 

Si  sample  before  <ico>  2503!“ 

and  after  laser  26-  '  ^  ;  v 

irradiation  (Lau  ^  ^sooi  j  V\ 

ct  al.,  1981).  22- - 

The  thin  Si  ~  '  E 

layer  (-300  A)  on  N  ,  u 

top  of  the  Au  ^  V  j  '• 

layer  ("2500  A)  F'®’  *1 

to  ^acjl^tate  |  \  j  ’i! 

the  absorption  of  g  ,  compowon.  j  1, 

laser  power  i  \  ;sr“  ] 

(Nd-g1ass,  30  nsec  (g  \  >'  ]  ** 

pulse).  After  4.  1*. 

irradiation,  the  I  1: 

in  width  in  both  ,^5  ,35 

directions.  Energy  (MeV) 

indicating  that 
the  Au  layer  had 

reacted  with  Figure  3.  Backscattering  spectra  of  an  Au-Si 

crystalline  as  sample  (unlimited  supply)  before  and  after  pulsed 

well  as  amorphous  laser  irradiation.  (From  Lau  et  al.,  1981.) 

Si.  From  the 
decrease  in  the 

height  of  the  Au  signal  near  the  to-Si  substrate  interface,  the  mixed 
layer  has  a  composition  of  Aug2Sij3  with  an  amorphous  structure.  It  is 
Interesting  to  note  that  the  composition  of  the  mixed  layer,  Aug2Si^3,  is 
the  eutectic  composition  of  the  Au-Si  system. 


Ejtcctic 

CompoKliWt, 

Amorphous 

Phose 


'^SOOA  T 
I 

t 

^  .l-”*  J 
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Energy  (MeV) 


Figure  3.  Backscattering  spectra  of  an  Au-Si 
sample  (unlimited  supply)  before  and  after  pulsed 
laser  irradiation.  (From  Lau  et  al.,  1981.) 


With  the  limited  supply  approach,  the  extent  of  glass-forming  ability  of 
Au-Si  can  be  investigated  at  extremely  fast  quench  rates  which  are  induced 
by  pulsed  laser  irradiation  and  are  not  accessible  with  splat  cooling 
techniques.  Experiments  of  this  kind  have  been  done  using  samples  where 
<  multiple  layers  of  Au  and  Si  were  vacuum-deposited  on  sapphire 
substrates.  The  thicknesses  of  the  layers  were  adjusted  such  that  the 
I  average  film  composition  ranged  between  AuSi^Q  and  AujQSi,  i.e.  from  9  to 
i  91  at  .X  Au.  The  individual  layer  thickness  was  not  more  than  a  few 
^hundred  angstroms,  with  a  total  layer. thickness  of  about  2000  A.  The 
H^urface  layer  was  chosen ~to  be  "Si  and  served  the  purpose  of  an 
I  anti  reflect! on  coating. 


The  composition  of  the  irradiated  samples  remained  the  same  as  the  initial 


•average  film  composition^,- as  monitored  by  back  scattering.  As  an  example. 
Figure  4  shoes  backscattering  spectra  for  a  sample  with  the  composition 
-AuSIg  before  and  after  Irradiation  with  a  30-nsec  pulse.  In  general,  the 
layere  mixed  by  30<*nsec- pulses  showed  some  residual  waviness  In 
composition  versus  depth,  whereas  those  obtained  with  300>usec  pulses  were 
very  uniform. 

X-rey  diffraction 
analysis  of  films 
Irradiated  by  30- 

nsec  pulses  ,  . ;  tvpe  author'^'  • 

revealed  an 
amorphous 
structure  In  all 
but  the  most  Au- 
rlch  (91  at.S) 
samples,  usually 
together  with 
traces  of  a 
metastable  Au-SI 
compound.  The 
I  films  Irradiated 
•  with  300-)isec 
pulses  were 
polycrystal line 
.  and  consisted  of 
the  same 
metastable 
compound, 

generally  together 
with  precipitates 
I  of  the  predomi nant 
i  component. 

i  The  compositional  range  of  Au-SI  glasses  Induced  by  laser  processing 
i  greatly  exceeds  previously  established  limits  for  glass  formation  by 
I  liquid  quenching.  Glass-forming  ability  Is  believed  to  be  related  to 
I  melting  point  depression  (Donald  and  Davies,  1978),  which  Is  largest  at 
'  the  eutectic  point.  The  only  Au-SI  glasses  reported  so  far  have  eutectic 
compositions  (Klement  et  al.,  1960). 

2.2  sniclde-Formlng  Systems 


Energy  (MeV) 


Figure  4.  Backscattering  spectra  of  an  AuSIs 
sample  before  and  after  Irradiation  with  a 
Q-swItched  pulse  of  30-nsec  duration,  Nd-glass 
laser.  (From  von  Allmen  et  al.,  1980a.) 


Laser  annealing  as  a  means  of  forming  metal  si 11  cl de  contacts  on  SI 
!  provides  the  advantage  of  transferring  energy  to  only  a  very  localized 
I  region  Instead  of  heating  up  the  whole  wafer.  Because  of  this  practical 
:  aspect,  a  wealth  of  experimental  investigations  have  been  reported  In  the 
!  literature  (for  a  summary,  see  von  All men  and  Lau,  1982).  For  the 
!  limited-supply  case,  a  variety  of  compounds  for  a  number  of  metal -SI 
I  systems,  usually  not  observed  under  thermal  anneal  ling  conditions,  have 
I  been  found.  However,  glass  formation  Is  usually  not  Induced  by  pulsed 
!  laser  processing. 

/  >■:  J  ■  . '  '  ^  s  '  e  *'  I _ 1  PC  1  IK:  1  n:r  this  •  ■  _ 

I  The  application  of  the  limited-supply  techniques  to  the  Pt-SI  and  Pd-SI 
I  systems  lead  to  Interesting  phase  transformation  under  the  Influence  of 
I  pulsed  laser  processing. 


iJUnUkft  the  case  of. 'not  all -the  conposltlons  tested  could  be 
I  quenched  Into  an  anorphous  state.  Generally  speaking,  polycrystalline 
[fllMS  resulted  froei  samples  ulth  compositions  at  or  close  to  those  of  the 
Ixongruently  melting  compounds,  Pt^SI,  PtSI  and  Pd2S1,  PdSI,  respect* 

I  Ively.  Figure  5  shows  the  phase  diagrams  of  the  two  systems  along  with 
arrows  marking  the  compositions  of  the  films  studied.  The  letters  beneath 
the  arrows  give  the  structure  of  the  as-irradiated  films. 

Intimate  mixing  of  the  components  by  laser  Irradiation  was  found  to  be 
essential  In  obtaining  amorphous  films;  Incompletely  mixed  films 
^containing  local  compositions  too  close  to  that  of  a  congruently  melting 
compound  were  not'' 
amorphous  after 
Irradiation  but 
rather  showed  the 
presence  of  the 
congruently 
melting 
compound.  The 
reason  for  this 

'  could  lie  In  the  ^ 

;  liberation  of  the  *-  'ooo 

:  heat  of  formation  k 

of  the  compound,  ^  ,0^ 

which  reduces  the  £ 

cooling  rate  as  s 

discussed  ifi 

previously.  The 
'  fact  of  a 
!  composition- 
dependent  cooling 
I  rate 

^  notwithstanding, 

'  It  seems  clear  ' 

i  that  the  cooling 
'  rate  necessary  to 
quench  a  liquid 
i  binary  mixture 

Into  a  glassy  "  '  — 

state  Is  highest 
for  compositions 

>  close  to  those  of  Figure  5.  Phase  diagrams  of  the  Pt-SI  and 

congruently  Pd-SI  systems.  The  arrows  mark  the  compositions 

melting  compounds,  of  films  used  in  this  study.  Small  letters 

as  well  as  to  Indicate  the  structure  of  the  As-quenched  films 

those  of  the  pure  (a,  amorphous;  c,  polycrystalline).  (From 

I  components.  von  Allmen  et  al.,  1980b.) 


01.  %  Si 


Figure  5.  Phase  diagrams  of  the  Pt-Si  and 
Pd-Si  systems.  The  arrows  mark  the  compositions 
of  films  used  in  this  study.  Small  letters 
Indicate  the  structure  of  the  As-quenched  films 
(a,  amorphous;  c,  polycrystalline).  (From 
von  Allmen  et  al.,  1980b.) 


3.  Ion  Mixing  Experiments 


!  Ion-Induced  mixing  not  only  can  lead  to  stable  compound  formation,  but 
also  to  metastable  alloy  formation.  In  some  metal-metal  systems,  terminal 
-solubilities  can  be  greatly- extended  by-Ion  mixing.  In  other  cases,  where 
j  the  two  constituents  of  the  system  have  different  crystal  structures, 
extension  of  terminal  solubility  for  both  sides  of  the  phase  diagram 
eventually  becomes  structurally  incompatible  and  a  glassy  (amorphous) 


.'Mixture  can  form..  .The.  compos  It  Ion  range  where  this  bifurcation  Is  likely 
,  to  occur  Is  In  the  two-phase  regions  of  the  phase  diagram.  These  concepts* 
[are  potentially  useful  guides  In  selecting  metal  pairs  that  form  metallic 
L-glasses-by  Ion  mixing.. -  l.g— 2- . 

'  3.1  Equilibrium  Compound  Formation  by  Ion  Mixing 

The  formation  of  equilibrium  compounds  by  Ion  mixing  at  room  temperature 
has  been  Investigated  rather  extensively  In  slllclde  forming  systems  using 
bilayered  structures.  The  Ion-Induced  stllclde  formation  characteristics' 

)  can  be  compared  with  those  obtained  by  thermal  steady-state  annealing.  It 

can  be  clearly  seen~that  the  f  1  rst  P - y. 

slllclde  phase  Induced  by  Ion  mixing 
.  in  unilmiced  supply  samples  Is  the  *■  / 

same  as  that  obtained  by  thermal  •  _  / 

>  annealing.  Although  some  of 'the  |  ^ - 

^  layers  that  were  Ion  mixed  at  room  5 

temperature  (RT)  do  not  exhibit  a  | 

'  distinct  crystal  structure  due  to  ,•  a  0 

<  weak  x-ray  diffraction  patterns,  the 
;  composition  of  the  mixed  layer 

1  deduced  by  backscatterl ng  Is  stoTi  ii 

i  Invariably  the  same  as  that  obtained  /fc.c.\  b.cc. 

I  by  thermal  annealing.  As  the  Wap./ 

:  temperature  of  Irradiation  Is 
Increased  to  above  RT,  the  crystal 
structure  of  the  phase  can  be 
Identified  even  In  those  cases  as  ^ 

1  being  the  same  as  that  obtained  by  S  ' 

'  thermal  annealing.  If  we  assume  e  5.  ,  so 

that  Ion  mixing  at  room  temperature  ^  ®  ;  *  0' 0  | 

!  Is  In  the  thermally  activated  regime  “q  mx  j  p  c 

I  for  all  systems  studied,  we  can  2 — I— J - i - L-L-20  % 

conclude  that  there  Is  a  direct  one-  J 
I  to-one  correlation  between  thermal  «it'oy#r#(j  +8 

annealing  and  Ion  mixing  In  the  '• - J'O 

thermally  activated  regime,  at  least  a  %ofB  B 

In  slllclde  forming  systems  (Tsaur  , 

!  1980).  This  Is  In  marked  contrast  »om*time  omorphoui  pho»e 

to  the  cese  of  pulsed  User 

processing  of  hlUyered  sMples  - 

.  where  the  Induced  reactions  are  of  a  pifftrem  from  m*-  mcp 

rather  complex  nature  (von  All  men  >"•"»'  *  •" 

!  and  Lau,  1982). 
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Mmetime  amorphous  phase 
dissociotts  upon  relatively  high 
dose  irradiation 

^MX  is  of  h.cp  suuclurc  but  is 
different  from  the'  MCP 
metol  A  in  size 


3.2  Glass  Formation  by  Ion  Mixing 

Previous  experimental  Investigations 
on  Ion-Induced  reactions  using 
multilayered  samples  (limited 
supply)  showed  that  Ion  mixing  Is 
well -suited  for  metastable  phase 
formation  In  metal -metal  systems  * 
(Mayer  et.  al ,  1981).  In 
particular,  when  the  two  components 
of  the  binary  system  have  the  same 
crystalline  structure,  but  exhibit  a_ 


Figure  6.  See  text  for 
explanation. 


jilsciblHty  gap  In^^the  phase  diagram;  supersaturated  solid  solutions  are 
i obtained  upon  Ion  mixing  (for  example,  Ag>Cu,  f.c.c.  structure).  On  the 
.other  hand,  when  the  crystal  structures  of  the  two  components  are 
different  (s^  f.c.'c.- for  component  A  and  b.c.c.  for  component  B),  a 
tendency  to  form  amorphous  alloys  by  ion  mixing  can  clearly  be  detected. 

Figure  6  shows  a  schematical  phase  diagram  with  different  crystal 
structures  of  the  elements  and  the  sequence  of  events  as  a  function  of 
dose  (or  dpa).  Intermixing  of  the  two  phases  Is  observed  at  relatively 
low  doses  (<2  x  10^®  Xe/cra^  or  <20  dpa).  For  samples  with  compositions 
near  either  A  or-  extended  solid  solutions  a'  and  3'  with  structures 


Identical  to  their  parent  phases  are  observed  at  Increasing  doses  (a*  has 
the  structure  of  a,  a*  that  of  a).  As  the  composition  approaches  from  the 


A  side  (f.c.c.  or  h.c.p.)  to  the  middle  of  the  two-phase  region,  the  mixed 
layer  (20  <  dpa  <  50  -  100)  consists  of  a  mixture  of  an  amorphous  phase 


and  a  metastable  crystalline  phase  of  h.c.p.  structure  (but  with  a 
different  c/a  ratio  compared  to  that  of  A  If  A  Is  also  h.c.p.).  On  the  B 
I  side,  a  mixture  of  an  amorphous  phase  and  a'  (b.c.c.)  Is  observed  In  the 
arixed  layer.  Increasing  the  Ion  dose  leads  to  complete  mnorphlzatlorr  of 
jthe  mixed  layer  In  a  composition  ran^  near  the  eutectic  composition.  At 
!  even  higher  doses,  the  amorphous  phase  may  dissociate  Into  metastable  or 
'  equilibrium  phases,  possibly  due  to  Ion-beam  demixing  effects. 


It  Is  found  that  In  eight  metal-metal  binary  systems  with  multilayered 
sample  configuration.  Irradiation  leads  to  uniform  mixing  of  the 
Interposed  layers.  An  amorphous  alloy  Is  formed  In  every  case. 
Irrespective  of  the  atomic  size  and  the  electronegativity  properties  of 
the  constituents,  as  long  as  the  constituents  have  different  crystal 
structures  (Liu  et  al.  1983). 


4.  Summary 


I  In  summary,  glass  formation  In  binary  systems  requires  (1)  uniform 
'Intermixing  between  different  components  In  a  given  system  and  (11)  fast 
i  quench  rates  after  the  mixing  Is  completed.  MeV  backscattering 
j  spectrometry  provides  a  very  convenient  way  to  examine  the  mixing 
I. phenomenon  after  energetic  beam  processing.  There  are  numerous  other 
I  applications  of  backscattering  spectrometry  to  material  analysis  which  are 
I  well  discussed  in  the  two  books  and  many  articles  reported  In  the 
i  literature  on  this  subject. 
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Characterization  of  Tantalum-Silicon  Films  on  GaAs 
at  Elevated  Temperatures 

V.  F.  Tseng,  B.  Zhang,  D.  Scott,  S.  S.  Lau, 

A.  Christou  and  B.  R.  Wilkins* 

Abstract 

R.f.  sputter-deposited  tantalum-silicon  films  on  GaAs  have  been 

investigated  using  four-point  probe,  glancing  x-ray  diffraction, 

A  ^ 

Auger  electron  spectroscopy  and  MeV  He  backs cattering  spectroMtry 
as  a  function  of  annealing  up  to  850*C.  Experimental  results  show 
that  (1)  there  is  no  observable  Ta  or  Si  migration  from  the  TaSi2 
overlayer  into  the  GaAs  substrate;  (2)  the  structure  of  the 
as-sputtered  film  is  amorphous  and  crystallization  into  a  polycrys¬ 
talline  T*Si2  layer  occurs  at  ~500*C  accompanied  by  a  reduction  In 
electrical  resistivity.  After  annealing  at  650*C,  As  and/or  Ga 
appear  to  have  migrated  into  the  TaSi2  layer.  The  amount  of  this 
migration  remains  unchanged  up  to  an  annealing  tesiperature  of  850*C. 
On  the  other  hand,  migration  of  Ta  and/or  Si  into  the  GaAs  substrate 
is  not  detected  up  to  8S0*C.  This  absence  of  the  Ta  and/or  Si 
migration  contributes  to  the  stability  of  the  Schottky  diode  charac¬ 
teristics  against  annealing  reported  previously. 


*B.  Zhang,  D.  Scott  and  S.  S.  Lau  are  with  the  University  of  California  at  San 
Diego,  La  Jolla,  CA  92093.  W.  F.  Tseng,  A.  Christou  and  B.  R.  Wilkins  are 
with  the  Naval  Research  Laboratory,  Washington,  D.C.  20375. 


The  Scbottky  barrier  height  of  a  metal/GaAs  contact  has  been  found  to  be 
invariant  with  respect  to  the  aietal  overlayer  [1,2].  Thus,  Scbottky  barrier 
devices  on  GaAs  (such  as  HESFETs)  with  a  constant  and  reproducible  barrier  are 
fabricated  relatively  easily.  However,  it  is  difficult  to  select  a  single 
■etallization  systea  that  will  not  degrade  the  electrical  properties  after 
annealing  at  the  tenperatures  required  for  post-ion  ioplantation  heat  treat- 
■ent  (850*C).  This  degradation  of  the  device  perfomance  after  high  tempera¬ 
ture  annealing  is  usually  a  result  of  interactions  between  the  metal  layer 
(such  as  Pt,  Cr,  Ti,  V  and  Ti/W)  and  the  GaAs  substrate  [2,3,4].  It  has  been 
found  recently  that  refractory  metal  silicides  (such  as  Ti/W  silicide  [3]  and 
tantalum  silicidefS])  can  replace  metal  layers  as  Scbottky  barrier  contacts  on 
GaAs  with  much  iq>roved  stability  after  high  teaq>erature  annealing.  Experi¬ 
mental  results  show  that  the  barrier  height  and  ideality  factor  remain  stable 
at  values  of  -0.8  eV  and  -'l.l,  respectively  for  these  two  co-sputtered  sili¬ 
cides  on  n-type  GaAs  even  after  annealing  at  800-850*C  [3,5].  In  this  study, 
our  objectives  are  to  characterize  the  TaSi^  and  to  correlate  the  contact 
properties  of  r.f.  sputtered  tantalum-silicon  films  on  GaAs  with  the  inter¬ 
actions  between  thse  films  and  GaAs  as  a  function  of  annealing  temperature. 

Thin  layers  (1500  X)  of  tantalum-silicon  were  deposited  on  semi- 

insulating  GaAs  and  on  SiO^  substrates  by  r.f.  sputtering.  The  target  for 

sputtering  was  a  hot-pressed  tantalum-silicon  mixture  with  76.32  wt% 

(33.7  atl)  of  Ta  and  23.33  wt%  (66.3  at%)  of  Si.  'The  samples  were  annealed 

for  30  minutes  in  a  flowing  forming  gas  (10%  H2  -  90%  N2)  ambient  up  to  850*C. 

Each  sample  was  annealed  at  a  given  temperature  only  once.  Before  and  after 

annealing,  the  samples  were  analyzed  using  a  four-point  probe,  glancing  angle 

4  + 

x-ray  diffraction  (Read  camera).  Auger  electron  spectroscopy  and  HeV  He 
backscattering  spectrometry. 
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Ibe  results  of  the  x-rsy  diffrsetion  aessuresients  are  shown  in  Fig.  1. 
The  ss*deposited  Ta-Si  fila  is  aaorphous  in  structure.  The  filas  remain 
amorphous  after  annealing  up  to  and  including  450*C.  At  annealing  tempers* 
turns  St  or  above  500*C  the  amorphous  Ta*Si  fila  crystallized  into  a  poly* 
crystalline  TaSi2  (hexagonal,  C40)  layer.  The  film  remained  as  a  single  phase 
TaSi2  without  any  other  co^iounds  (i.e.  products  from  a  Ta*Si  and  GaAs  reac* 
tion)  being  detected  by  x*ray  diffraction  up  to  850*C. 

The  crystallization  is  accompanied  by  a  decrease  in  resistivity,  shorn  in 
Fig.  2.  The  Initial  resistivity  of  the  as*deposited  fila  is  480  pQ-ca 
(psa32fi/  ).  The  electrical  resistivity  begins  to  decrease  at  500*C  and  con* 
tinues  to  decrease  with  increasing  temperature.  At  850*C  the  resistivity  was 
found  to  have  decreased  to  120pQ*cn,  about  k  of  the  initial  value.  Over  the 
annealing  range  up  to  and  including  850*C  the  barrier  height  was  found  to 
remain  stable  at  *0.8  eV  (5].  It  is  interesting  to  note  that  this  barrier 
height  is  independent  of  the  crystal  structure  (aaorphous  or  polycrystalline) 
of  the  overlying  fila  in  this  case. 

Figure  3  shows  the  Auger  profiles  for  a  sample  before  and  after  annealing 
at  800*C.  Comparison  of  Figs.  3a  and  3b  does  not  show  any  detectable  inter* 
action  between  TaSi2  and  GaAs.  The  reaction  between  the  Ta*Si  film  and  the 

A  ^ 

GaAs  is  further  investigated  by  HeV  He  backscattering  spectrometry. 
Figure  4  shows  the  backscattering  spectra  (in  linear  acales)  for  three  samples 
after  annealing  at  different  temperatures.  The  overall  composition  of  the 
TaSi2  layer  remains  unchanged  and  the  interface  between  the  TaSi2  layer  and 
the  GaAs  substrate  remains  sharp  up  to  an  annealing  tesiperature  of  8S0*C. 
These  spectra  also  suggest  that  neither  Ta  nor  Si  appear  to  migrate  into  the 
GaAs  substrate.  Figure  5  shows  the  region  of  two  backscattering  spectra  from 
1.3  to  1.9  HeV,  with  the  yield  expresaed  in  a  logarithmic  scale  for  a  sample 


3 


before  and  after  annealing  at  850"C  for  30  nin.  After  annealing  at  850°C  for 
30  axnutes,  a  signal  appears  between  ~1.5  and  ~1.6  HeV,  indicating  that  As 
and/or  Ga  have  nigrated  into  the  TaSi^  layer  to  a  concentration  of  about 
2  at.X>  The  trailing  edge  of  the  signal  remains  very  sharp,  again  confirm¬ 
ing  that  there  is  little  or  no  migration  of  Ta  into  the  GaAs  substrate.  It  is 
interesting  to  note  that  this  migration  of  As  and/or  Ga  first  appeared  after 
annealing  at  650*C  for  30  minutes,  having  the  same  concentration  in  the  TaSi^ 
layer  as  that  observed  for  the  sample  annealed  at  850*C  (Fig.  5).  The  tern-- 
perature  at  which  this  migration  of  As  and/or  Ga  occurs  may  be  related  to  the 
recrystallization  of  the  as-deposited  (amorphous)  TaSi2  film  which  occurs  at 
or  above  500*C. 

The  stability  of  TaSi^  layers  on  GaAs  shotm  in  this  investigation  i4 
consistent  with  the  reported  stable  Schottky  barrier  characteristics  of  TaSi2 
on  GaAs.  Barrier  heights  are  not  expected  to  change  if  the  metal  and/or  Si 
migration  does  not  occur  between  the  metallization  and  the  GaAs  substrate. 
This  has  been  found  to  be  the  case  for  Ti-V  silicide  [3]  and  for  TaSi^  on  GaAs 
in  the  present  study.  On  the  other  hand,  excessive  metal  migration  as 
observed  in  the  case  of  Pd  [7]  or  Au  (2]  on  GaAs  between  the  metallization  and 
the  GaAs  does  lead  to  degradation  of  device  performance.  The  advantage  of 
using  silicides  as  swtallization  for  GaAs  therefore  relies  on  the  ability  of 
the  . silicides  to  resist  reactions  with  the  substrate.  The  migration  of  As 
and/or  Ga  does  not  appear  to  affect  the  Schottky  baVrier  characteristics.  In 
principle,  more  stable  silicides  (i.e.  large  negative  beat  of  formation) 
should  yield  more  reliable  Schottky  contacts  on  GaAs.  If  one  accepts  this 
view,  NiSi2  (AH  *  -6.9  Xcal/  gm-atom)  16]  would  yield  a  less  stable  Schottky 
contact  and  VSi2  (AH  *  -24.6  Kcal/gm-atom  [6]  would  yield  a  more  stable 
Schottky  contact  compared  to  that  of  TaSi-  (AH  =  -8.0  Kcal/gm-atom)  [6], 


assuaing  all  other  heats  of  formation  (i.e.  between  metals  and  GaAs)  are 
relatively  the  same.  More  work  is  now  in  progress  to  test  the  validity  of 


this  concept. 

In  summary,  there  was  no  observable  Ta  and/or  Si  migration  from  the  r.f. 
sputtered  TaSi^  films  into  the  GaAs  substrate  up  to  temperatures  of  850*C 
although  some  migration  of  As  and/or  Ga  was  observed.  Crystallization  of  the 
amorphous  (as-sputtered)  TaSi  layer  occurs  at  SOO^C.  This  phase  transforma¬ 
tion  did  not  cause  any  change  in  the  Schottky  barrier  characteristics.  The 
accompanying  reduction  of  resistivity  of  the  TaSi^  layer  is  beneficial  to 
device  operations. 
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FIGURE  CAPTIONS 


Fig.  1 


Fig.  2. 


Fig.  3. 


Fig.  4, 


Fig,  5. 


X-ray  diffraction  (Read  caaera)  patterns  of  three  samples  annealed 
at  (a)  400*C,  TaSi^  is  amorphous,  the  spot  pattern  is  from  the  GaAs 
substrate;  (b)  SOO^C,  onset  of  crystallization  of  TaSi2;  and 
(c)  SSO^C,  TaSi^  is  fully  recrystallized.  Every  diffraction  ring 
can  be  identified  as  hexagonal  TaSi^  and  indexed  according  to  ASTH 
card  file  #8-53. 

Sheet  resistance  ratio  (R  (after  anneal)/R(before  anneal)]  versus 
annealing  temperature.  Each  sample  was  annealed  once  at  a  given 
temperature  in  a  flowing  forming  gas  ambient  for  30  minutes. 

Auger  profiles  for  (a)  an  as-deposited  sample  and  (b)  a  sample  after 
annealing  at  800*C.  No  interdiffusion  between  the  taSi2  and  the 
GaAs  was  observed  after  annealing. 

Backscattering  spectra  for  three  samples  after  annealing  at  dif¬ 
ferent  temperatures.  The  shape  and  the  height  of  the  Ta  and  Si 
signal  remain  relatively  unchanged  after  annealing  up  to  850°C. 

Backscattering  spectra  of  Fig.  4  plotted  in  logarithmic  scale.  The 
trailing  edge  of  Ta  signal  remains  unchanged  after  annealing  up  to 
8S0*C.  About  2  at.%  of  As  and/or  Ga  have  been  incorporated  into  the 
crystallized  TaSi2  film  as  the  annealing  temperature  was  increased 
beyond  650*C. 
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Abstract: 


In  situ  resistivity  measurements  together  with  MeV  backscattering, 

x-ray  diffraction,  barrier  height  measurements  and  Auger  electron  spectrosco¬ 
py  combined  with  Ar  sputtering  have  been  used  to  investigate  the  interaction 
of  silicon  with  alloys  of  rare-earth  and  near-noble  metals  with  annealing  at 
temperatures  up  to  bSO^’C.  Alloys  of  Pd-£r  with  three  different  compositions 
have  been  prepared  by  dual  electron-gun  coevaporation  on  both  n  and  p-type 
silicon  and  Pd/Er  bilayers  have  been  deposited  on  Si02.  -The  results  show 
that  as-deposited  these  alloys  are  amorphous  and  the  initial  stages  of  the 
reaction  with  silicon  upon  annealing  is  controlled  by  the  metal-metal  interac¬ 
tion  as  well  as  the  metal-silicon  interaction.  The  Er-rich  alloy  (Pd|5Erg5) 
segregates  Er  to  the  silicon  interface  and  forms  Pd2Er5.  The  segregated  Er 
reacts  with  silicon  producing  ErSi2.  For  the  Pd-rich  alloy  (Pdg5Er35)  the 
excess  Pd  is  segregated  at  the  silicon  surface  forming  Pd2Si.  The  near  50-50 
alloy  forms  PdEr  and  a  slightly  higher  temperature  is  necessary  to  promote  the 
reaction  with  silicon  to  form  the  silicide  of  the  excess  component. 


^•^Permanent  Address:  Instituto  di  Fisica,  213/A  via  Campi,  4110  Modena, 
Italy. 
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I.  Introduction 

Silicide  formation  has  provided  much  of  our  information  on  thin-film 
solid-phase  reactions.  Silicon  technology  has  given  the  media  and  the 
impetus  for  the  investigation.  Silicide  forming  systems  are  generally  well- 
behaved  with  uniform  layers  formed  with  single  phases  having  clearly  defined 
boundaries. 

The  reaction  between  silicon  and  metal  can  be  broken  down  into  three 
categories:^  near-noble,  refractory  and  rare-earth  metal  silicides  with  the 
silicides  in  each  category  following  distinct  patterns.  The  near-noble  metals 
(M)  react  at  low  temperatures  forming  M2  Si  as  the  initial  phase  and  have 
high  barrier  heights  on  n-type  silicon.  The  refractory  metals  form  the  disili- 
cide  as  the  initial  phase  at  high  temperatures  (T  ?'600‘*C)  and  have  medium 
barrier  heights  on  n-type  silicon.  The  rare  earth  metals  also  form  the  disili- 
cide  first  at  low  temperatures  (T  ~  200-300® C)  but  have  the  lowest  barrier 
heights  on  n-type  silicon. 

There  have  been  investigations  of  reactions  of  Si  with  binary  alloys  of 
near  noble  and  refractory  metals,^’*,  rare-earth  and  refractory  metals,^  and 
rare-earth  and  near  noble  metals.  In  the  first  two  cases  the  initial  reaction  is 
phase  separation  and  the  silicide  formed  is  determined  by  the  species  with  the 
lowest  formation  temperature.  For  example,  an  alloy  of  PdV  reacts  to  form 
Pd2Si  at  the  Si/alloy  interface.^  In  these  cases  the  kinetics  of  metal-silicon 
reactions  determine  the  formation  of  the  initial  phases:  In  the  third  case,  the 
trend  of  the  initial  phase  formation  is  unclear  since  both  rare-earth  and  near 
noble  metals  have  similar  silicide  formation  temperatures.  In  addition 

the  rare-earth  and  near-noble  metals  react  strongly  with  each  other  forming 
intermetallic  phases at  a  temperature  which  is  comparable  to  their  initial 
silicide  formation  temperatures.  However,  the  large  difference  in' barrier 
heights  between  rare-earth/silicon  and  near-noble/silicon  structures  provides 


a  sensitive  identification  method  for  determining  the  presence  of  either  silicide 
at  the  silicon-alloy  interface. 

We  have  chosen  to  investigate  Pd-Er  as  a  representative  system.  Further¬ 
more  codeposited  Pd-Er  alloys  are  amorphous.  Therefore  upon  annealing  on 
silicon,  two  competitive  reactions  occur:  interfacial  reaction  with  silicide 
formation  and  crystallization  of  intermetallic  Er-Pd  compound  phases.  With 
this  in  mind  we  have  used  in  situ  resistivity  measurements  to  characterize  the 
crystallization  and  the  initial  interfacial  reaction.  In  addition  we  have  used 
the  standard  array  of  techniques  (x-ray  diffraction,  Rutherford  backscattering, 
and  Auger  electron  spectroscopy)  to  determine  the  thickness  and  structure  of 
the  initial  phases. 

IL  Experimental  - 

The  samples  were  prepared  by  electron-beam  codeposition  in  a  10*^  torr 
vacuum  at  lOA/sec  deposition  rate.  The  thicknesses  of  the  film  were  around 
1000a  and  three  different  concentrations  Pdg5Er35,  Pd45Er55,  Pd^5Erg5  have 
been  prepared.  The  substrates  were  Si  wafers,  n  and  p-type,  10i2-cm.  Some 
of  the  wafers  were  blank  for  metallurgical  analysis  and  some  had  diodes  with 
diameters  ranging  from  12  to  400Mm.  The  diodes  were  obtained  by  opening 
holes  on  4000A  thermally  grown  Si02  layer.  Alloys  were  also  deposited  on 
Si02  for  monitoring  their  crystallization  without  interfacial  reaction.  In 
addition,  bilayers  of  Pd-Er  on  Si02  were  prepared  for  intermetallic  compound 
formation.  The  samples  were  annealed  up  to  650° C  in  a  purified  He  furnace. 
To  prevent  the  oxidation  of  the  rare  earth  an  etched  polished  silicon  blank 
was  placed  on  the  alloy  sample  in  close  contact  with  the  sample  surface  during 
the  annealing.  As  a  further  precaution,  Ti  sponge  was  placed  in  the  near 
vicinity.  Subsequent  analysis  showed  that  oxidation  was  minimal. 


In  situ  resistivity  measurements  were  made  with  four,  spring-loaded, 
tungsten  probes  in  contact  with  the  sample.  The  sample  surface  between  the 
probes  was  covered  with  a  silicon  blank  and  in  some  cases  Ti  sponge  was  near 
by  in  the  flowing  helium  ambient.  When  these  precautions  were  not  taken 
oxidation  occurred  and  the  resistivity  showed  a  strong  increase  after  the  initial 
drop. 

The  reaction  products  were  mainly  analyzed  with  MeV  ^He’*'  backscatter- 
ing  and  Seeman  Bohlin  x-ray  diffraction  techniques.  Pd-Er  forms  seven 
intermetallic  compounds^^*^^;  for  four  of  them  the  lattice  parameters  and 
structure  are  known.  One  ternary  Pd2ErjSi2  has  been  identified.’^  The 
stopping  cross  section  for  Er  is  unknown  and  an  extrapolation  was  used  in 
backscattering  analysis..  This  extrapolation  may  lead  to  a  systematic  error  in 
our  listed  values  of  thicknesses  and  to  a  lesser -extent  in  the  composition 
values.  I-V  characteristics  both  on  n  and  p-type  material  were  used  to  meas¬ 
ure  the  apparent  barrier  heights  and  hence  to  investigate  the  initial  stage  of 
the  reaction.  Norde  plots’^  and  extrapolation  to  zero  voltage  of  a 
tn  I  vs.  V  plot  were  used  in  order  to  evaluate  the  Schottky  barrier  values. 

Auger  electron  spectroscopy  combined  with  an  Ar  sputter  was  used  to 
verify  the  cleanliness  and  absence  of  contaminants  at  the  alloy-silicon  inter¬ 
face. 

in.  Results 

A.  Overview 

The  results  are  summarized  in  Fig.  1.  The  initial  stages  of  the  reaction  on 
silicon  are  mainly  driven,  at  low  temperatures  (~350  to  400 ‘’C),  by  the 
formation  of  the  Er-Pd  intermetallic  compound:  the  compound  having  the 
composition  closest  to  the  original  alloy  tends  to  form  and  the  excess  of 
material  is  depleted  from  the  alloy  to  react  with  silicon  forming  a  silicide.  It  is 


possible  to  have  three  different  cases:  no  reaction  with  silicon,  formation  of 
ErSi2  or  of  Pd2Si.  For  the  Pd-Er  bilayer  on  Si02  the  intermetallic  compound 
PdEr  is  formed  at  250'’C.  a  temperature  well  below  that  at  which  silicide 
formation  occurs  at  the  alloy-silicon  interfaces. 

The  annealing  at  3S0**C  of  the  Pd42Er55  alloy  produces  the  crystallization 
of  the  PdEr  phase  which  has  a  composition  almost  identical  to  the  starting 
alloy  film.  At  higher  temperatures  a  ternary  silicide  is  formed. 

In  the  case  of  Pdj5Erg5  alloy  the  compound  Pd2£r5  is  the  closest  to  that 
of  the  as-deposited  alloy.  The  excess  of  £r  reacts  with  silicon  forming  a  layer 
of  £rSi2  on  the  silicon  wafer.  Similar  behavior  has  been  observed  in  the 
Pdg5£r35  alloy.  Now  Pd  is  the  excess  specie  and  Pd2Si  forms  at  the  interface 
between  the  alloy  and  silicon.  At  650 ‘’C,  a  strong -intermixing  among  Pd,  £r 
and  Si  is  found  for  the  three  alloy  compositions. 

B.  Backscgttering  Spectrometry 

•  • 

Figures  2(a)  and  (b)  show  the  backscattering  spectra  of  the  sample 
Pdg3£r35  ..s  deposited  and  after  annealing  at  350° C  for  1  hour  and  4S0<’C  for 
1  hour.  The  heights  of  the  Pd  and  £r  signals  in  the  spectrum  for  the  sample 
as  deposited  indicates  a  Pd  to  £r  concentration  of  65  to  35;  the  energy  widths 
suggests  that  the  layer  is  lOOOA  thick.  After  the  350°C  annealing  the  silicon 
signal  presents  a  change  tow;jrd  higher  energy  and  the  Pd  signal  develops  a 
change  in  the  low  energy  side  indicating  that  some  reaction  has  occurred. 
These  changes  together  with  an  increase  in  height  of  the  £r  signal  in  the 
backscattering  spectra  are  consistent  with  the  formation  of  a  very  thin  Pd2Si 
layer  at  the  silicon-alloy  interface  and  the  formation  of  a  layer  at  the  surface 
having  a  composition  of  PdgoEr4o-  Annealing  at  450°C  for  1  hour  leads  to 
the  formation  of  a  layer  having  a  nonuniform  composition  with  an  average 


value  of  about  Pd4QEr25Si35  interposed  between  the  inner  Pd2Si  and  the  outer 

The  formation  of  Er  silicide  at  the  silicon-Er  rich  alloy  interface  is  shown 
in  Fig.  3a  and  b.  Figure  3a  shows  the  spectrum  for  a  Pd]5Erg5  sample  ann¬ 
ealed  at  350'*C  for  1  hour.  The  Pd  signal  is  shifted  toward  the  surface  away 
from  the  interface.  The  Er  signal  broadens  inward  and  the  Er-Si  height  ratio 
at  the  interface  is  close  to  that  of  ErSi2-  The  composition  of  the  outer  layer  is 
between  that  of  Pd2oErgQ  and  Pd3QEr7o.  Subsequent  annealing  at  450*’ C  for 
1  hour  produces  (Fig.  3b)  an  increase  in  the  thickness  of  the  Er-silicide  layer. 
The  composition  of  the  layer  is  not  uniform  with  the  Er  distribution  represent¬ 
ing  an  average  value  of  ErSi2  and  with  the  Pd  distribution  graded  down  from 
the  surface.  Some  Pd  has  penetrated  into  the  ErSi2. 

The  intermediate  alloy  Pd45Er55,  Fig.  4,  shows  only  a  small  reaction  with 
silicon  at  450®C  for  1  hour.  The  reaction  is  so  limited  that  we  cannot  rely 
upon  backscattering  to  identify  the  interfacial  composition.  The  composition 
of  the  outer  layer  is  Pd3QEr5Q. 

Annealing  at  650 ®C  produces  in  all  three  alloy  compositions  a  strong 
intermixing  between  Pd,  Er  and  Si.  In  the  case  of  Pd55Er35,  Fig.  Sa,  the 
reacted  layer  is  uniform  and  has  a  composition  very  close  to  that  of 
Pd4QEr2oSi4o-  The  composition  shown  in  the  schematic  in  Fig.  5a  represents 
the  best  fit  by  computer  simulation.  This  composition  corresponds  to  that  of 
the  ternary  Pd2ErjSi2.  The  other  cases  show  the  presence  of  two  well  defined 
layers  with  different  compositions  of  Pd,  Er  and  Si.  An  example  is  shown  in 
Fig.  5b  for  the  Er  rich  case.  The  step  in  the  Pd  signal  is  clearly  visible  in  the 
spectrum. 


C.  X-ray  Diffraction 


The  analysis  of  the  x-ray  diffraction  spectra  based  on  the  structures 
available,  allows  us  to  identify  ErSi2,  Pd2Si,.  four  Er-Pd  compounds  of  the 
seven  possible  and  one  ternary,  Pd2ErjSi2.’^  Fig.  6  shows  the  x-ray  diffrac¬ 
tion  spectra  of  the  three  samples  as  deposited.  The  broad  peaks  show  the 
amorphous  nature  of  the  films. 

Annealing  at  350‘’C  for  1  hour  produces  the  crystallization  of  the  Pd-rich 
and  Er-rich  alloys  as  well  as  the  formation  of  Pd2Si  and  ErSi2,  Fig.  7.  The 
peaks  have  been  identified  on  the  basis  of  the  crystalline  structures  of  the 
various  compounds  as  given  in  Ref.  12.  In  the  almost  SO-SO  Pd  Er  alloy  the 
annealing  produces  the  formation  of  the  PdEr  compound.  Fig.  7b.  For  the 
Er-rich  alloy  nearly  all  the  peaks  can  be  identified  and  show  the  presence  of 
ErSi2  and  Pd2Er5.  Three  of  the  peaks  given  in  Fig.  7a  for  the  Pd-rich  alloy 
are  identified  with  Pd2Si  and  the  rest  cannot  be  identified;  we  believe  that 
these  belong  to  either  Pd3Er2  or  Pd5Er4  which  have  been  reported  as  com¬ 
pounds  but  their  structures  are  unknown.  This  belief  is  based  on  the  back- 
scattering  spectra  and  on  the  fact  that  the  peaks  cannot  be  attributed  to  PdEr 
or  to  Pd3Er.  The  annealing  at  4S0®C  for  1  hr.  enhances  the  formation  of 
Pd2Si  and  ErSi2  in  the  richest  Pd  and  Er  alloys. 


The  annealing  at  6S0‘’C  produces,  at  least  in  the  case  of  Pdg5Er33,  a 
compound  which  has  been  identified  as  a  ternary.  Nearly  all  the  peaks  in 
Fig.  8  correspond  to  the  ternary  Pd2Er|Si2.  In  the  other  two  cases  the  peaks 
cannot  be  attributed  to  any  known  Pd,  Er,  Si,  O  compound.  If  ternaries  are 
formed  their  structures  are  not  known.  Moreover,  the  analysis  is  even  more 
complicated  since  the  backscattering  data  suggests  the  presence  of  two  well 
defined  layers,  both  contributing  to  the  x-ray  diffraction. 


D.  Bilayer  Results 


Backscattering  measurements  on  Pd-Er  bilayers  deposited  on  Si02  indicat¬ 
ed  that  the  reaction  between  Pd  and  Er  starts  around  2S0?C.  By  increasing 
either  the  time  or  the  temperature  the  reaction  proceeds  with  the  formation  of 
a  single  intermetallic  compound  PdEr.  Fig.  9a  and  b  shows  the  x-ray  diffrac¬ 
tion  spectra  for  the  as-deposited  and  annealed  sample.  In  the  as-deposited 
case  the  Pd  and  Er  are  polycrystailine.  After  the  sample  was  annealed  at 
250°C  for  5  hours  PdEr  is  clearly  identified  in  the  x-ray  diffraction  spectra. 
The  unlabelled  lines  in  Fig.  9b  correspond  to  unreacted  Pd  and  Er. 

E.  Barrier  Height  Measurements 

The  values,  in  eV,  of  the  barrier  heights,  measured  at  room  temperature, 
are  summarized  in  Table  1.  The  data  have  been  obtained  from  I-V  character¬ 
istics  and  have  been  analyzed  using  two  different  methods.  Extrapolation  to 
zero  voltage  was  used  in  almost  all  cases.  In  caser  where  the  ideality  factor 
was  greater  than  1.1,  Norde  plot  analyses  were  used  to  measure  the  barrier 
height  value.  Where  the  I-V  characteristics  allowed  comparison  of  barrier 
height  values,  both  methods  give  the  same  results.  The  major  source  of  error 
is  the  scattering  of  the  experimental  data  due  mainly  to  the  presence  of  a  high 
series  resistance.  The  error  in  the  worse  case  is  around  O.OSeV.  The  data  for 
Pd  (and  Er)  rich  alloys  show  that  annealing  at  400'*C  or  4S0*’C  produces  the 
formation  of  Pd2Si  (or  ErSi2)  at  the  original  silicon-alloy  interface.  The 
barrier  height  approaches  very  closely  the  values  expected  for  pure  ErSi2  and 
Pd2Si.  The  SO-SO  alloy  does  not  segregate  Er  or  Pd  and  this  is  reflected  in 
the  barrier  height  values  which  remain  almost  constant  at  around  O.SSeV. 
Further  annealing  at  6S0'’C  produces  a  strong  intermixing  and  the  barrier 
height  reaches  a  final  value.  The  sum  of  barrier  height  values  taken  on  n  and 
p  type  silicon  is  very  close  to  l.leV  supporting  the  idea  of  an  almost  uniform 
coverage  of  the  silicon  surface.  Moreover  the  data  of  650 ®C  on  n-type  silicon 
plotted  as  a  function  of  Pd  atomic  concentration,  Fig.  10,  show  a  linear 
variation  between  the  Pd2Si  and  ErSi2  values  suggesting  again  the  presence  of 


a  layer  having  a  uniform  ternary  composition.  A  nonuniform  composition 
consisting  of  patches  of  ErSi2  and  Pd2Si  should  behave  similarly  to  the  solid 
curve  indicated  for  discrete  parallel  diodes.^^*^^ 

£.  Electrical  Resistivity 

Four-point  probe  measurements  have  been  used  on  alloys  deposited  either 
on  Si  or  on  Si02  substrates  to  investigate  the  effect  of  the  amorphous- 
crystalline  transition  on  the  silicon-alloy  interaction.  Two  kinds  of  in-situ 
measurements  have  been  performed:  as  a  function  of  temperature  at  a  con¬ 
stant  rate  of  heating  or  as  a  function  of  time  at  fixed  temperature.  For  alloys 
deposited  on  Si,  to  correct  for  the  contribution  from  the  silicon  substrate, 
measurements  have  been  performed  at  constant  temperature  as  a  function  of 
time. 

In  Fig.  1 1  the  resistivity  annealing  curves  for  the  three  alloys  are  shown; 
the  substrate  is  Si02  in  all  cases.  The  samples  were  annealed  at  a  constant 
rate  of  heating  at  about  3-4”C/min.  The  resistivity  values  have  been  normal¬ 
ized  to  the  room  temperature  values  of  200  to  300  Q-cm.^The  resisitivity  of 
the  sample  Pd^^Er^^  shows  a  slight  drop  in  the  early  stage  of  annealing.  At 
temperatures  around  220 ‘*C  after  a  small  increase  the  resistivity  drops  precipi¬ 
tously.  The  recrystallization  phenomenon  is  responsible  for  the  decrease  in 
resistivity  as  indicated  by  x-ray  diffraction.  The  alloy  Pdg5Er35  follows 
substantially  the  same  path  with  the  major  difference  being  the  recrystalliza¬ 
tion  temperature  (~410^C).  The  compound  Pd^3Erg5  has  two  steps  of 
recrystallization.  The  first  decrease  occurs  at  a  v^.y  low  temperature  (lOO^’C) 
where  the  resistivity  drops  to  0.6  of  the  room  temperature  value.  Subsequent¬ 
ly  at  a  high  temperature,  ~400"C,  another  decrease  occurs.  After  the  first 
drop  in  resistivity,  the  sample  is  no  longer  completely  amorphous.  After  the 
second  drop  the  x-ray  diffraction  pattern  changes  relative  to  the  previous  one 
suggesting  that  a  new  compound  is  formed.  Silicide  formation  occurs  around 
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300*’C;  consequently  only  the  crystallaation  around  lOO^C  can  affect  the 
kinetic  path  for  Si-alloy  interaction. 

The  resistivity  values  when  the  alloy  is  deposited  on  silicon  and  on  Si02 
are  compared  in  Figure  12  with  the  values  normalized  to  room  temperature 
values.  The  annealing  was  carried  out  at  constant  temperature  at  386^C  and 
the  variations  in  relative  values  are  due  mainly  to  recrystallization  of  the  alloy. 
For  the  Pd  rich  alloy  which  has  a  recrystallization  temperature  around  400**  C 
the  presence  of  the  silicon  strongly  enhances  the  crystallization  process.  The 
Er  rich  case,  after  the  first  drop  in  resistivity,  follows  the  same  path  as  for  the 
Pd  rich  case.  In  Fig.  12  we  show  only  the  initial  stages  of  the  reaction.  For 
long  time  anneals  the  resistivity  values  approach  the  same  value  on  both  Si 
and  Si02.  This  shows  that  the  decrease  in  resistivity  is  due  to  the  recrystalli¬ 
zation  and  not  to  the  formation  of  silicide.  We  attribute  the  difference 
between  the  behavior  on  Si  and  St02  substrates  to  the  depletion  of  Pd  or  Er 
from  the  amorphous  layer.  This  depletion  modifies  the  stability  of  the  amor¬ 
phous  layer  and  lead  to  an  early  crystallization  as  measured  by  x-ray  diffrac¬ 
tion. 

In  Fig.  13,  the  resistivity  changes  as  a  function  of  annealing  time  at 
for  the  Pd45Er35  alloy  on  Si02  or  on  Si  are  presented.  The  Pd45Er55 
alloy  crystallizes  at  very  low  temperatures,  so  the  depletion  action  with 
consequent  instability  of  the  amorphous  layer  does  not  take  place. 

IV.  Discussion 

Backscattering,  x-ray  diffraction  and  barrier  height  measurements  give  a 
consistent  picture  for  the  behavior  of  the  Pd-Er  alloys.  The  Er  rich  alloy 
forms  ErSi2  as  the  initial  reaction  at  the  silicon-alloy  interface,  the  Pd  rich 
alloy  forms  Pd2Si  at  the  silicon-alloy  interface  and  the  nearly  50/50  Er-Pd 
alloy  reacts  primarily  to  form  the  intermetallic  PdEr.  The  PdEr  intermetallic 
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ls  stable  on  silicon  at  temperatures  around  400"C  where  silicides  are  formed 
from  the  Pd-  and  Er-rich  alloys. 

The  in  situ  measurements  of  the  resistivity  show  clearly  the  stages  in  the 
recrystallization  behavior.  For  the  alloys  on  Si02  the  resistivity  data  obtained 
by  increasing  the  annealing  temperature  at  a  constant  rate  show  that  the 
Pd45£r55  recrystallization  starts  at  low  temperature  and  is  complete  at  300"  C. 
The  other  two  alloys  have  a  full  recrystallization  at  higher  temperatures.  The 
recrystallization  of  the  Pd45Er55  alloy  is  approximately  the  same  for  the  alloy 
on  silicon  and  on  Si02  showing  that  the  presence  of  silicon  does  not  affect  the 
recrystallization  process.  In  contrast  to  this,  for  the  Pd  and  Er  rich  alloys  the 
samples  on  silicon  substrates  recrystallize  faster  than  those  on  Si02  substrates. 
In  Table  II,  we  summarize  the  substrate  effects  on  the  crystallization  tempera* 
ture  of  amorphous  Pd-Er  alloys. 

We  propose  that  the  explanation  for  the  behavior  is  based  upon  the 
diagram  shown  in  Fig.  14.  The  near  SO/SO  Pd-Er  data  are  interpreted  as 
crystallization  of  the  intermetallic  compound  from  an  amorphous  matrix  with 
nearly  the  composition  of  the  intermetallic  phase.  In  other  words,  no  phase 
separation  is  required  in  the  crystallization.  Once  crystallized  the  intermetal¬ 
lic  compound  is  very  stable  and  relatively  high  temperatures  are  necessary  to 
decompose  it  and  to  form  silicides.  The  stability  of  the  PdEr  compound  is 
also  suggested  by  the  Pd/Er  bilayer  experiment  where  the  compound  PdEr  is 
formed  after  annealing  at  temperatures  as  low  as  250" C. 

In  the  Er  and  Pd  rich  cases  the  amorphous  layer  is  more  stable  on  Si02 
than  on  Si.  The  recrystallization  of  these  amorphous  alloys  proceeds  by  phase 
separation  and  the  Si  serves  as  a  sink  for  the  excess  Er  and  Pd.  Therefore, 
the  presence  of  silicon  causes  the  depletion  of  Er  or  Pd  from  the  original  alloy 
driving  the  alloy  composition  toward  a  stoichiometric  compound.  This  process 
apparently  decreases  the  crystallization  temperature  of  the  amorphous  alloy. 


A  similar  situation  showing  an  enhanced  crystallization  of  amorphous 
Pd3oSi2o  on  Si  has  been  observed.  i  The  effect  of  non>reactive  vs.  reactive 
substrates  on  the  crystallization  behavior  of  amorphous  alloys  is  interesting. 
A  more  detailed  study  will  be  required  in  order  to  understand  the  driving 
force  and  kinetic  processes  involved. 

We  believe  that  reaction  kinetics  rather  than  free-energies  determine 
phase  formation  in  the  Pd-Er  system.  By  assuming  that  the  free  energy  of 
formation  of  the  various  compounds  are  proportional  to  their  melting  point, 
we  expect  to  find  that  ErPd3  (1710**C)  which  is  the  most  stable  compound. 
However  the  compound  ErPd3  has  never  been  fornd  in  this  work.  This  point 
is  clearly  illustrated  by  the  reaction  between  Pdg5Er35  with  Si.  Energetically, 
it  is  more  favorable  to  form  ErSi2  and  ErPd3;  instead  the  reaction  produces 
Pd2Si  and  Pd3Er2  as  shown  in  Fig.  1.  Furthermore,~in  the  bilayer  case,  ErPd 
rather  than  ErPd3  is  formed  in  the  inital  stages  of  the  reaction.  These  results 
show  again  that  the  sequences  in  compound  formation  can  be  affected  by  the 
free  energy  of  the  various  compounds  but  the  controlling  factor  is  the  reaction 
kinetics.  The  same  conclusion  has  been  reached  studying  the  sequence  of 
formation  in  various  binary  couples. 

V.  Conclusion 

In  conclusion  we  have  found  that  the  segregation  of  Pd  or  Er  silicide  at 
the  alloy-silicon  interface  depends  upon  the  composition  of  the  as-deposited 
alloy.  This  result,  in  which  the  identity  of  silicide  depends  upon  the  alloy 
composition,  differs  from  that  of  the  near  noble-refractory  alloys  in  which  the 
near  noble  metal  segregates  irrespective  of  alloy  composition.  The  Pd-Er 
results  suggest  that  the  controlling  force  for  the  alloy-Si  interaction  includes 
the  metal-metal  interaction  as  well  as  the  metal-silicon  reactions. 


We  believe  that  the  same  pattern  will  hold  for  other  rare  earth>near  noble 
metal  alloys.  The  codeposition  of  such  alloys  results  in  the  formation  of  an 
amorphous  layer.  The  kinetic  competition  between  recrystallization  of  the 
alloy  and  the  alloy-silicon  interaction  will  depend  on  the  alloy  composition 
and  annealing  temperature. 
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Table  I. 


Schottky  barrier  height  of  Pd-Er  alloy  on  n-Si  (0b„)  and  on  p-Si  («b„)  after 
anneals,  of  Pd2Si  and  ErSi2  are  0.75  and  0.38eV,  respectively). 


400«C 

450®  C 

650®  C 

^Bn 

^Bn 

^Bp 

^^Bn 

Pd  65  Erss 

0.65 

■ 

0.70 

0.40 

B 

0.50 

Pd  45  Erss 

0.54 

||HR 

0.50 

0.58 

■ 

035 

Pd  15  Er85 

0.40 

0.70 

0.40 

0.65 

0.40 

070 
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TABLE  II 

Effect  of  Substrate  on  the  Crystallization 
Temperature  of  Pd-Er  Alloys 


N.  alloy 

Substr«fcv 

Pd65^^35 

PdjjErgs 

Si 

<350®C 

220®C 

<350®C 

SiOj 

AlO^C 

220®C 

100*C,  400®C 
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Figure  Captions 


Fig.  1.  Schematic  diagram  showing  the  initial  phases  of  the  reaction 
between  silicon  and  Pd-Er  alloys.  The  alloys  have  three  differ¬ 
ent  compositions  and  as  deposited  are  amorphous.  The  layer 
thickness  is  given  in  angstroms. 

Fig.  2.  Backscattering  spectra  of  the  alloy  Pdg5Er35  film  as  deposited 
and  after  annealing  at  SSO^’C  (a)  and  450‘’C  (b)  for  1  hour.  At 
350°C  Pd  segregates  from  the  alloy  and  forms  Pd2Si  at  the 
Si-Pdg5Er35  interface. 

Fig.  3.  Backscattering  spectra  of  the  alloy  Pd^5Erg3  film  on  silicon 
as-deposited  and  after  annealing  at  SSO^C  (a)  and  450*^0  (b)  for 
1  hour.  At  350‘*C  Er  segregates  from  the  alloy  and  forms  ErSi2 
compound  at  the  original  Si-Pd|3Erg5  interface. 

Fig.  4.  Backscattering  spectra  of  the  alloy  Pd^^Er^^  film  on  silicon 
as-deposited  and  after  annealing  at  450'’C  for  1  hour.  Both  Pd 
and  Er  are  segregated  from  the  original  alloy  and  react  with 
silicon  forming  silicides. 

Fig.  5.  Backscattering  spectra  of  the  alloys  Pdg5Er35  (a)  and  Pd|5Erg3 
(b)  films  on  silicon  as-deposited  and  after  annealing  at  650°C  1 
hour.  The  high  temperature  annealing  produces  a  uniform  ter¬ 
nary  silicide  for  the  Pd^5Er35  alloy  film.  In  the  other  case  two 
layers  are  formed. 

Fig.  6.  X  -ray  diffraction  spectra  of  the  three  alloys  films  as-deposited. 

The  broad  peaks  reveal  the  amorphous  nature  of  the  deposited 
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Fig.  7.  X-ray  diffraction  spectra  of  the  three  alloy  films  deposited  on 
silicon  after  annealing  at  SSO'^C  for  1  hour. 

Fig.  8.  X-ray  diffraction  of  the  alloy  film  Pdg5Er33  after  annealing  at 
650** C  for  1  hour.  Most  of  the  peaks  are  identified  as  reflec¬ 
tions  of  the  Pd2ErSi2  ternary  compound. 

Fig.  9.  X-ray  diffraction  spectra  obtained  from  a  Pd-Er  bilayer  as 
deposited;  (a)  and  after  annealing  at  250*’ C  for  5  hours  (b). 
The  scale  in  (b)  has  been  magnified  in  order  to  show  the  weak 
reflections. 

Fig.  10.  Schottky  barrier  height  measured  on  n-type  silicon  after  anneal¬ 
ing  at  650** C  for  1  hour  as  a  function  of  the  Pd  concentration 
near  the  Si  surface.  The  Pd  concentration  has  been  measured  by 
the  backscattering  spectra.  The  continuous  line  is  the  apparent 
value  of  the  Schottky  barrier  calculated  using  the  model  of  dis¬ 
crete  parallel  diode  (See  Ref.  16).  The  Schottky  barrier  heights 
of  Pd2Si  and  ErSi2  are  0.74eV  and  0.38eV,  respectively. 

Fig.  11.  Resistivity  values  as  a  function  of  the  temperature  obtained  by 
increasing  the  temperature  at  a  constant  rate  of  3-5®C/min.  The 
resistivity  values  has  been  normalized  to  their  room  temperature 
values.  The  three  curves  refer  to  the  three  alloys  considered. 
The  change  in  resistivity  is  due  to  the  crystallization  process. 

Fig.  12.  Resistivity  values  as  a  function  of  time  at  386®C  obtained  in  the 
two  alloys,  Pdg5Er35  and  Pdj5Erg5,  deposited  on  Si  and  on  Si02. 
The  change  in  resistivity  is  due  to  the  crystallization  process. 

Resistivity  values  as  a  function  of  time  at  386®C  in  the  Pd^jErjj 
alloy  deposited  on  Si  and  on  Si02. 


Fig.  13. 
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Many  Schottky  barrier  structures  exhibit  a  marked  deviation  from  ideal 
behavior  on  a  logarithmic  plot  of  current  density, J,  as  a  function  of 
applied  forward  bias,V.  Curvature  in  such  a  plot  can  make  the  determi¬ 
nation  of  the  actual  Schottky  barrier  height  from  the  current- voltage 
characteristic  difficult  if  not  impossible.  In  many  cases, this  deviation  can 
be  attributed  to  the  influence  of  an  appreciable  series  resistance  on  the 
diode  characteristic.  This  is  particularly  evident  when  the  device  pos¬ 
sesses  either  a  low  barrier  height  or  when  using  a  high  resistivity 
substrate.  Previous  approaches  to  obtaining  a  reasonable  value  of  the 
barrier  height  in  such  structures  have  employed  either  a  mathematical 
model  developed  by  Norde(l)  or  an  electron  beam  technique  described  by 
Huang,et.al.  (2) .  The  former  technique  however  requires  assumptions  not 
always  met  in  many  experimental  situations  (3),  while  the  latter  method 
utilizes  high  vacuum  technology  not  always  available. 

In  a  recent  study  of  rare  earth  silicides  on  SI,  the  present  authors  have 
successfully  used  an  alternative  technique.  This  technique  is  derived 
from  conventional  methods  for  obtaining  barrier  height  and  series  resist¬ 
ance  values  in  photovoltaic  devices.  The  application  of  this  simple  tech¬ 
nique,  not  necessarily  requiring  transparent  metallizations,  extends  the 
linear  region  of  the  Ln  J  versus  V  plot,  allowing  for  an  accurate  determi¬ 
nation  of  the  satu-aiion  curr-rnt.  The  Schottky  barrier  height  can  then 
be  ascertained  by  the  application  of  the  usual  thermionic  emission  theory. 
The  measurement  of  both  open  circuit  voltage  and  the  short  circuit  cur¬ 
rent  as  a  function  of  illumination  intensity  allovv/’^the  junction  character¬ 
istic  to  be  determined  free  from  series  resistance  effects.  We  have 
devised  a  simple  scheme  whereby  this  short  circuit  current  may  be  easily 
acquired.  A  comparison  will  be  made  between  the  values  of  the 'barrier 
height  derived  from  conventional  l-V  and  photoresponse  measurements, 
with  photovoltaic  measurements  made  on  structures  possessing  either  a 
semi-transparent  or  opaque  metallization.  The  applicability  of  this  tech¬ 
nique  to  Schottky  barriers  formed  on  GaAs  will  also  be  discussed. 
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